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SECTION  I 


INTRODUCTION 

The  joining  of  composite  structural  elements  to  metals  or  other 
composites  is  one  of  the  most  significant  aspects  of  advanced  composite 
airframe  design.  In  theory,  adhesive  bonding  is  a most  efficient 
approach.  Although  adhesive  bonding  eliminates  many  of  the  problems 
associated  with  stress  concentrations  at  point  attachments  (such  as 
found  in  conventional  mechanical  joints),  this  type  of  joint  is  subject 
to  stress  concentrations  near  the  bond  edges.  Furthermore,  a variety 
of  failure  modes  are  possible  in  the  bond  and  laminated  adherend  areas 
of  a bonded  composite  joint.  The  problem  of  adhesive  joint  design  is 
compounded  for  fatigue-critical  applications,  especially  for  primary- 
load-carrying  structures  where  heavy,  overdesigned  composite  concepts 
may  be  employed;  or  where  the  application  of  composites  may  be  rejected 
altogether  for  lack  of  confidence  in  bonded  joint  behavior. 

Methods  to  predict  composite  joint  reliability  or  life  under  flight 
loading  using  constant-amplitude-coupon-fatigue  data  have  been  generally 
unsatisfactory.  On  the  other  hand,  multiple  full-scale  structural 
testing,  incorporating  real-time  load  simulation  plus  realistic 
environmental  effects,  tends  to  be  impractical  due  to  both  excessive  costs 
and  test  times.  These  factors  are  particularly  troublesome  in  the  design 
of  advanced  composite  structures  where  a large  backlog  of  flight-hardware 
experience  does  not  exist,  and  manufacturing  methods  and  materials  are 
undergoing  rapid  developmental  changes.  One  approach  to  providing  a 
rational  engineering  design  for  fatigue-critical  composite  joints  is  to 
develop  a residual  strength  model.  This  approach  is  discussed  in 


Reference  1 and  2.  Efficient  implementation  of  this  type  of  ccnicept 


involves  (a)  the  development  of  adequate  design  and  ri'l lability  data 
from  small  scale  structures  under  time-compressed  loading,  and 
subsequently  (b)  tiie  adjustment  of  this  empirical  data  for  tlie  effe<  ts 
of  complexity,  scale,  environment,  real-time  loading,  etc.  if 
successful,  these  procedures  would  tiien  provide  an  analytical  mo<ieI 
for  joint  sizing,  design,  and  reliability  prediction.  Such  an  approach 
becomes  attractive  if  relationships  can  be  developed  between  the 
statistical  parameters  for  initial  static  strength,  residual  static 
strength  after  various  fatigue  histories,  and  time-to-fai lure  dis- 
tributions; and  if  the  sensitivity  of  the  statistical  parameters  to 
specimen  scale  and  test  parameters  can  be  readily  determined  or 
estimated.  Experimental  efforts  are  needed  to  verify  this  design 
and  reliability-assessment  methodology,  and  to  generate  the  qualitative 
and  quantitative  data  necessary  to  implement  the  concepts  into  design 
criteria  and  the  various  stages  of  structural  design  and  compliance 
demonstration.  Furthermore,  the  sensitivity  of  this  methodology  to 
the  degree  of  sophistication  in  such  factors  as  environment  and  loading 
simulation,  must  be  determined  and  incorporated  into  practical  methodology. 

This  experimental  program  was  initiated  in  1971  to  explore  the 
effects  of  load  frequency,  type  of  load  sequencing,  load  truncation, 
and  load  magnitude  on  the  failure  characteristics  of  elementary 
adhesively  bonded  composite-to-metal  joints.  Random,  flight-by-flight 
tests  simulating  the  loads  on  a lower-wing-cover  splice  of  a fighter- 
bomber  were  conducted,  and  the  data  were  obtained  on  a t Ime-to-fai 1 ure , 


rosidu.'il  stroiigtli,  joint  overlap  extension  under  load,  and  iailiire 
modes.  Two  joint  designs  were  evaluated.  These  differed  only  hy  the 
ply  arrangement  of  the  composite  .idherend.  The  joints,  cl.assified  as 
Scheihile  40  and  Schedule  50,  respectively,  are  described  in  the 
folltiwing  section. 

Progress  on  the  program  was  restricted  by  the  in-house  availabilitv 
of  test  apparatus,  with  testing  being  conducted  over  approximately 
three  years.  During  this  period  significant  work  on  joint  design 
(References  3 & 4)  and  fatigue  (Reference  4)  has  been  conducted 
elsewhere  and  the  findings  of  this  program  were  integrated  into  the 
planning  of  various  AFFDL  programs  (References  5 & 6).  Data  from 
the  contemporary  efforts  are  compared  in  this  report  to  the 
findings  of  this  study. 
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Tlif  spfcinu'n  design  for  litis  progrnm  is  detailed  in  Figure  I. 

Test  coupons  were  designed  to  acliieve  a static  ultimate  load  of 
approximately  ft, 000  lb  per  incli  of  width,  based  upon  an  average 
shear  strength  for  the  adhesive  of  6,000  psi  over  a 1/2  inch  lap 
length  on  the  double  lap  specimens.  Unlike  normal  airframe  practice, 
where  the  joint  is  designed  to  be  stronger  than  the  joined  structure, 
failure  for  these  specimens  was  to  occur  in  the  joint.  Also,  the 
safety  margins  normally  applied  to  bonded  joints  to  account  for 
strength  degradation  with  age  and  environment  were  omitted  from 
the  design  of  these  specimens  to  assure  joint  failure  within  a 
reasonable  test  time. 

Composite  material  on  hand  at  the  beginning  of  the  program  con- 
strained the  composite  thickness  to  approximately  .08  inch.  Two  balanced 
and  symmetrical  16  ply  boron-epoxy  panels,  50%  0°,  50%  + 45°,  fabricated 
by  General  Dynamics/Fort  Worth  from  Narmco  5505  were  used.  As  shown  in 
Figure  1,  one  panel  had  0°  exterior  plies,  and  therefore  a 0°  ply  on 
each  faying  surface  of  the  specimen.  These  are  hereafter  referred  to  as 
Schedule  40  specimens.  The  other  panel  had  + 45°  surface  plies.  Specimens 
fabricated  from  this  panel  are  named  Schedule  50.  For  all  specimens,  0° 
is  in  the  direction  of  the  applied  Iciad.  The  two  bciron-epoxy  panels  used 
in  the  program  were  analyzed  by  digestion  to  have  the  following 

const i t uent  s : 


sniKin  i.K 


40 


■30 


Spec  i t i c Cr.av  i t v 

1 . 98 

1 .99 

Bonai  U’j;t  . % 

64.8 

65.9 

Cl. ass  Wgt  . 

5.4 

5.  1 

Resin  U’gt  . 7, 

29.8 

29.0 

Boron  Vo  1 . 

48.7 

49.6 

li  1 .iss  \'o  1 . 

4.  3 

4.  1 

Res  i n Vo  1 . 7, 

46.8 

45. 7 

\'o  i d Vo  1 . , 

0.2 

0.6 

rtic  joint  clfsign  wns  not  oxaclly  bnlancod  respecting  equal  stiffness 

(modulns  times  t li  i c kness)  be  tween  adlierends.  Based  upon  a stiffness  r.it  io 

(2K„,.  t ^ , -t  K,  ,,,  t of  1.32  for  the  titanium  (Ti)  to  composite  (B/K), 

I 1 Ti  B/b  B/b 

and  the  design  curves  of  liart-Smith  (Reference  3)  one  would  expect  that 
of  the  maximum  bond  line  strength  would  result. 

The  nominal  tensile  strength  of  the  boron  composite  was  estimated  at 
9152  lb  per  inch  of  width  (110  ks i ) , and  the  titanium  yieh'  was  16,100  lb 
per  inch. 

The  specimen  was  designed  to  contain  two  double  lap  joints;  one  with 
a 1/2  inch  lap  and  the  other  with  a 3/4  inch  lap.  The  shorter  joint  was 
to  fail  during  cyclic  loading,  and  the  larger  lap  was  included  to  pr('vide 
an  unf.iiled  joint  .after  the  fatigue  f.ailure  of  the  1/2  inch  lap.  This  1/4 
inch  joint  was  subsequently  to  be  tested  for  .a  residu.al  strength  ciimp.arison 
with  the  initi.al  strength  of  the  joint.  (It  w.as  subsequent  Iv  found,  however, 
th.at  the  f.atigue  f.ailure  in  the  sm.aller  joint  w.as  not  .issured.)  Altlu'iigh 
the  strength  of  the  boron  lamln.ate  was  close  to  t lu-  i>stim.iti‘d  initi.il 
striaigth  of  the  virgin  3/4  inch  l.ip,  it  w.is  expi'cteil  th.at  .i  degr.ul.it  ii'ii  in 
stri'ngth  during  f.atigue  would  force  most  residu.il  striaigth  f.iilures  ti> 
occur  in  the  joint  .ind  not  the  i.imin.ate  outside  the  joint. 
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Till'  dciiihK'  lap  H|UT  iuuMis  of  this  program  wi'ro  fabr  i<-at  od  in  1 ohriia  rv 
bv  convont  iona  I ant  or  1 .ive  binidiiig  in  long  slabs  or  gangs  bv  t bo 
Monsanto  Koso;. -cb  Corpoi'ation  of  Dayton,  Ohio.  All  i-ompoiuni  t s shown  in 
rignro  1 wiTo  boiuk'd  in  ono  o|UM'ation.  Afti-r  trim  oporations  of  tiu.’  first 
cut  odgi'jWbiob  romovc’d  1/2  inob,  spocimons  of  0.')  and  1.0  inoii  wiiitb  v,vro 
sliood  with  a diamond  out-off  wbool.  A tvpio.il  spi'oinum  is  shown  in 
I'iguro  2.  ibi'  loiations  of  Lbo  0. 'j  inob  wido  spi-oimons  wvro  y.onorallv  at 
tbo  two  onds  of  tbo  trimmod  slab  and  in  t bo  oontor  of  tbo  gan.o,.  I'iu'so 
locations  wore  in  accordance  with  pl.ins  to  investigate  location  effects. 

I'ive  steel  fixtiiri’s  wen-  fabricated  to  boiui  all  procured  compiuu'uts 
(ini  liiding,  tabs)  in  oiu>  operation.  lairing  in  tiu'  program  was  .iccomp  1 i shed 
in  live  aulo'lavi'  runs:  beat  uji  rati-  - 2 K/min,  cure  pressure  - >0  ps  i ; 

temper. itiire  - I hour  at  I'iO  I'.  Tbe  bonding  tool  elements  ,ind  compoiu'ut 
st. liking  for  tin-  specinuuis  were  in  .iccord.ince  with  l iguii'  ). 

Tbe  proiedures  lor  cle.ining,  .mil  tre.it  in,i\  tbe  I it. mi  urn  .md  i-omposite 
'.iirl.ices  included  tbe  following,  for  both  t lie  til.mium  .md  compos  i I e comi'oncul 
■ icetone  wijie,  120  g.r  i t orbit. il  s.ind  i n,>',,  pe  rcb  1 oroe  I by  1 one  v.ipor  d,’gre.isc 
(If  iiiinules).  In  addition,  the  lit.iniiim  received  ,i  sodium  I'le  t a s i 1 i c.i  1 e 
sodium  lliioriile  solution  etch  ( > minutes),  with  .issoc  i ,i  I e»l  rinsiu:.  r.iit-. 
were  bonded  immedi.itelv  .after  oven  drving,  .it  I 7f  f lor  If  minutes. 

Spei  imeiis  were  sliced  on  a bor  i :'on  t . i I mill  wilbout  .m\  liui.sb  opv- r.i  I i oie- 
A diamond  culling,  wheel  (Norloii/80  g,r  i I /(>  inches  di.iycopper  m.ilri\)  w,is  run 
.It  1800  rpm  with  .i  teed  ol  .ipprox  i iii.i  I e I v one  inch  per  miuule.  K',iler  I 1 ood 
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coolant  was  used.  Observed  tolerances  were  40.7%  on  width  and  generally 
+0.  57  on  bond  area.  Titanium  sheet  purchased  for  the  program  was  annealed 
6A1-4V  alloy  with  the  sheet  thickness  averaging  0.058  inches.  both  precuri'd 
boron  epoxy  sheets  aver.aged  .086  inches. 

Numlu'ring  of  specimens  was  related  to  the  particular  autoclave  run, 
iixture, and  location  on  the  fixture,  i . e.,  consecut ive  numbers  in  the  gang. 

Two  fixture  sizes  were  used,  one  accomodated  ten  specimens  and  the  other 
twc’lve.  A schedule  number  was  unique  to  an  autoclave  run  (except  where  some 
Si'hedule  40  and  50  gangs  were  simul  tanecjusly  cured).  Specimen  numbering  on 
a gang  was  typically  1 to  12,  21  to  32,  41  to  52,  etc.  Mach  complete 
ident i f ic.it  ion  included  the  schedule  number  and  consecutive  gang  number; 
e.g..  51-1,  53-2,  - - - 53-12  would  all  have  come  from  the  same  g.ing.  Specimens 
51-21  to  53-32  would  have  been  bonded  on  another  fixture,  but  cured  in  the  same 
autoclave  run  as  53-1  to  53-12.  This  arrangement  allows  comp.irison  of  like 
s[)ec  imens  in  a g.ing.  Thus,  specimens  with  a -4  (e.g.,  -4,  -24,  -44,  -64, 
etc.)  would  be  in  the  same  relative  positions  in  the  respective  gangs. 

Kf  iec^t  of  Cutting  on  Specimen  Temperature  ; 

To  satisfy  questions  on  whether  the  cutting  procedure  might  advi'rsely 
raise  the  part  temperature,  the  following  experiment  w.is  performed.  Two 
pieies  of  titanium  were  bonded  together  with  an  epoxy  .adhesive.  Four 
thermocouples  were  imbedded  within  the  bond  line,  sp.iced  .about  0.5  inches 
ap.art  (Figure  4).  The  fused  tips  of  the  thermocouples  were  positioned 
0.025,  0.05,  O.IO  and  0.20  inches  from  the  intended  saw-cut  line.  A 
continuous  record  w.as  useii  to  monitor  the  temperatures  seen  by  e.ach 


t luTiDiiioup  1 1-  .IS  till'  spi'iiiTH'n  w.is  cut  witli  tlic  ili.imoiKl  wheel.  The  (utlin^ 
r.ite  w.is  .ipproxiniat  el  V 1 inch  per  minute  and  a hand  held  squee?;e  bottle 
w.is  used  to  simulate  shop  cooling.  This  cooling  water  flow  was  less 
efficient  thin  that  I'mployed  on  the  actual  e.xperiment. 

The  highest  t empi'r.a  t ure  recorded  was  '557  °F.  This  occurred  for  a brief 
inst.int  when  the  saw  passed  through  the  fused  tip  of  the  No.  1 thermocouple, 
which  W.IS  obviously  located  less  th.in  the  intended  0.025  inches  from  the 
bl.ide  path.  Otherwise,  the  temperature  at  the  cut  line  intersecting  the 
No.  1 thermocouple  could  readily  be  maintained  below  lyS®!'.  The  maximum 
ti'mpi'r.iture  recorded  as  the  saw-cut  progressed  past  the  second  thermocouple 
(0.050  inches)  was  about  140°F  and  the  mean  temperature  about  120°F. 
Ti'mper.ature  traces  are  shown  in  Figure  5. 

The  conclusion  drawn  from  this  experiment  was  that  the  heat  generated 
in  cutting  specimens  with  a diamond  saw  is  restricted  to  within  less  than 
0. I inch  of  the  cut  edge  .and  is  no  greater  than  the  350°F  cure  temperature 
of  the  adhesive.  This  heating  should,  therefore , cause  no  chemical  damage 
at  the  bondline.  The  effects  of  thermal  gradients  at  the  narrow  edge  region 
on  crack  initiation  might  be  of  more  significance  to  subsequent  fatigue 
damage  growth.  But  any  study  thereof  would  require  far  greater  rigor  and 
replic.ition  of  specimens  than  was  possible  under  this  program.  Also,  one 
■y  should  note  that  specimen  width  effects  were  briefly  studied  in  this 

program  (See  Section  7)  and  that  significant  evidence  indicating  static 
or  fatigue  vari.ition  with  width  was  not  observed. 


SKCTION  IV 


LOAD  SPKCTRA 

Tho  fatigue  spectrum  used  for  this  program  was  based  upon  wing 
bending  moments  during  maneuver  loads  for  t lie  F- 1 1 I fighter-bomber. 

Figure  t>  shows  the  cumulative  load  exceedance  for  the  F- 1 1 1 .spectrum 
and  the  comparable  spectrum  from  Mil-A-8866  (May  1960). 

The  continuous  load  exceedance  curve  was  divided  into  discrete  load 
levels  (given  letter  names);  thirteen  of  which  (plus  one  ground  load) 
were  used  to  form  the  test  load  histories.  Load  descriptions  corresponding 
to  each  discrete  level  are  presented  in  Table  1. 

The  flight  loads  data  from  which  Table  1 was  developed  are  summarized 
as  follows: 

Time  per  mission  = 3 hours 
Missions  per  lifetime  = 1334 

Bending  moment  at  nominal  cruise  (Ig)  = 2.1  X 10^  in  lb 
Bending  moment  at  limit  condition  = 20.8  X 10^  in  lb 
Touch-and-Co  bending  moment  = 0 in  lb 

Minimum  bending  moment  for  ground-air-ground  = 0.9  X 10^  in  lb 

Test  loads  were  developed  in  the  following  manner: 
a . Def i n i t ions : 

Y = bending  moment  (10^  in  lb) 

AY  = Y-Y  (Ig)  = Y - 2.1  = incremental  bending  moment  (10^  in  lb) 
= 'B'  allowable  reduced  from  static  tests  of  joint  (lb) 
p|^.j.  = limit  allowable  matched  to  Y (limit)  = 2/3  p|j.j,  (lb) 

P^  Y 

P = test  load  = LT (lb) 

20.8 

p®  /iY 

AP  « P - P (Ig)  = (lb) 

20.8  ’ 
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b.  Attfr  ck'ti'rmiiiat  ii)n  nt  .j.  from  static  tests  nf  liotli  the 
Schedule  40  and  Schedule  "jO  specimens,  i'  was  set  etpia  ! to  2f)0V;  wliere  t he 
constant,  200,  was  obtaiiu>d  by  rounding  195.5  (the  .actual  value  of 
Pj  .j.-tJO.  8)  . Tliis  produced  .i  condition  where  the  cyclic  test  limit  load 
was  4160  lb,  compared  to  the  'll’  allowable  static  limit  strength,  I’j.p.  ‘’f 
4060  lb.  Proof  lo.ads  were  set  equal  to  40i>0  lb. 

Sel  IS- 1- Random  Load  Spect  rum : 

The  major  [)orti(5n  of  the  test  program  involved  an  engineered  or 
Select-Random  load  history.  This  simulated  flight  history  was  c-omposed 
of  a repe.ating  pattern  of  100  missions.  The  lo.ul  sequence  in  each  mission 
w.is  designed  to  distribute  the  moderate  and  high  loads  and  to  group  the 
more  frequent  lower  loads  in  blocks  of  high  frequency  and  constant  amplitude. 
This  spectrum  was  derived  (a)  to  allow  loads  to  be  easily  trunc.ited 
n.e.,  eliminated)  with  equipment  at  h.and  during  the  heginning  of  the 
[)ropr.im,  fb)  to  reduce  test  times  by  incre.asing  the  application  I retpu'ncy 
ot  low  .im[)  I i t u(ie/h  i gh  occurrence  load.s,  .and  (c)  to  .assure  that  eacli  specimen 
•..aw  .an  ideni  i < .a  I ti'st  spec  t rum.  Figure  7 shows  a tvpic.il  si'gment  ol  the 
'I.  lei  t -K.andom  hi'ctory,  and  f.able  1 indic.ates  the  relationship  between  load 
t ri  quetii  y .and  amp  1 i t ude . 

I..O  h rni'.sion  had  a simil.ar  recurrenie  ol  the  low  amplitude  loads. 

.'1odi  r.ite  am[)litiide  load',  were  s i np.u  1 .1  r I y |)laced  between  the  hlocki-d  lower 
.I'-ip  I i t uih  lo.ad’..  1,0, aih,  oiaairrinp,  lec:s  than  once  |)er  mis.sion  were  distributed 
I ii r ou/hoii I I .11  h lot)  mi'.'. ion  '.eipience.  For  example,  .a  lo.id  occurrin.g  ;it 
1 I r I ip  nm  V o I t j . I pi  r m i • . • . i on  would  be  |>  1 .iced  at  the  s.  ime  position  in 
' I I'.ic  |t),  /'<),  P),  . . . ')(),  .mil  lot).  The  m.iximiim  lo.ad  (I  level/. 1)2 
Ol  ' ii  r r I 1)1  I pi  t n i , . i on  ) w.e.  p I . ici  d in '.  i r the  end  o I m i ‘is  i on*;  50  ,md  100. 


I I 


Thi‘  si'qui-ni'i'  ot  100  missions  w.is  iilonL  i on  1 I v ropi'.U  od , ;ind  tliori't’oro, 
ti'rmod  tho  tinsio  load  pnltorn  that  was  proj'.rammod . I.oads  tlial  could  not 
hf  placed  in  a repeating  pattern  within  tile  100  mission  group  were 
arhitrarilv  placed.  Individual  load  levels  were  reatl  i I y omitted  from 
the  haseliiu'  spectrum  as  ri’qnired  tor  spin  tram  truncation. 

The  100  mission  baseline  sequence  and  irniuated  sequences  were 
progr.immeii  im  punched  paiu-r  t.tpi-  using  a conventional  IT!  keyboard.  The 
t'orm  or  prof  i K'  of  each  cvcle  was  a i.traiglit  r.imp  witli  a flattened  lu'ld 
at  till  load  pe.ik.  This  information  form  was  sidisequent  1 v converted  to 
analog  sign.als  on  magnetic  tape  which  took  the  form  shown  in  Figure  7. 
Tin*  analog  tapes  were  used  to  control  .a  200  KIP  ser vo-liyd ran  1 i c test 
system  (MTS),  having  hydraulic  specimen  grips.  Maximum  amplitudes 
were  adjusted  to  correspond  to  the  required  stress  levels  for  the  1/2 
inch  and  1 inch  wide  specimens.  The  inertia  of  the  test  equipment 
tended  to  round  the  sharp  corners  of  the  programmed  lo.ad  signals,  as 
actually  sensed  by  the  specimens. 


Random  (lenera^t  ioii^  Lo^i^  Spect  rum: 

A .secondary  load  history  was  formed  from  ciimputer  i zt'd  random 
selection  of  the  thirteen  flight  load  levels  about  the  Ig  condition,  .it 
a I’onstant  frequency  for  each  load.  Tills  load  liistory  was  run  at  two 
frequencies,  1/2  Hz  and  8 Hz,  for  comparison  witli  tlie  So  1 ec t -Random 
spectrum  on  a limited  number  of  Scliednle  50  specimens.  To  iinreasi' 
realism,  missions  were  simulated  by  including  a ground-load  (.S-level) 
after  every  133d  load  (See  Table  1).  A typical  load  t r.ice  is  shown  in 
Figure  8. 
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Till'  r.imiom  load  Iiistory  was  j’.iaurat  ><1 , iisin>',  a 1 1 m i n i ((inipiit  ir  , 

bv  thf  t'ol  lowing  stops; 

(a)  Const  nut  a probability  tabli'  lor  cai  li  loail  lovil  (o.g.,  IcVol 
C.  probability  was  0. 25-^  1 32. 97,  as  dorivod  1 rom  lablc  1). 

(b)  Sum  tho  individual  [jrobab i 1 i t i os  and  rroato  a summation  tablo 

ot  intogors;  oaoli  load  loval  is  now  assi'oiatod  with  .i  rango  of  oonsii  ut  i vo 
intogors  in  the  tabli'. 

(r)  Call  on  a random  mimber  generator  to  produoe  a niimbor  betwi'on 
1 and  the  largest  number  in  the  summation  tablo.  Match  that  numhor  to 
each  range  to  determine  the  load  level. 

(d ) After  each  random  sequence  of  132  loads,  apply  an  S-levei  ground 

load . 

All  flight  load  pe.aks  (positive  and  negative)  were  fit  to  a 120 
point  half-sine  shape.  The  prolonged  ground  load  had  an  80  point  hold 
at  the  S-level  in  addition  to  the  120  point  sine  shape. 

The  minicomputer  was  directly  used  to  run  the  200  KIP  MTS  test 
system.  Each  specimen  load  history  started  <it  the  same  random  number. 
Thus,  all  specimens  subject  to  the  Random  Ceneration  load  spectrum  saw 
the  same  load  sequencing  to  failure.  A timer  within  tlie  computer  was 
used  to  control  test  frequency. 


Si-CTION’  V 


Ti:ST  IM.AN 

Si'IuhIu  1 o 50  Tr.'ijs: 

rhf  Silu’diile  '30  spi’cimt'ns  (+  43°  surface  pivs)  woro  to  dff  crmi  ne  tlu’ 
flli'i'ts  I'l  iho  following  variabU'S  im  specimen  endurance  (i.c.,  cycles  or 
missii'ns  to  lailure):  liigli  loail  elimination,  low  load  elimination 

( t rum  at  ion ) , Ramlom  Oeni'ration  vs.  Select-Random  loading,  and  load 
triquencv.  In  the  elimination  or  truncation  tests,  the  complete  Seleit- 
Random  spi'ctrum,  including  all  load  levels  (A  to  I,  P,  0,  R,  S,  T),  was 
used  as  the  basi-line.  The  fatigue  lives  of  Schedule  50  specimens  tested 
with  various  levels  truncated  were  compared  to  this  baseline.  The  comiilete 
Select-Random  s(>ectrum  was  also  used  for  comparison  to  the  Random  (leneration 
spectra,  which  also  contained  all  load  levels.  Residual  tests  of  the  3/4 
inch  joints  were  also  conducted  using  the  Schedule  50  specimens. 

Sc  bed  u 1 e 40  13m  ^ : 

The  test  plan  for  the  Schedule  40  specimens  was  originally  conceived 
to  i-ompare  the  endurance  of  these  specimens,  0°  fibers  on  the  bonded 
surfaces,  to  that  of  the  Schedule  50  specimens.  The  Schedule  50  tests 
were  conducted  prior  to  the  Scnedule  40  tests.  The  first  Schedule  40 
lest  point  demonstrated  an  extensivi'  ■•ndurance.  Comparably  long 

I endur.inci-s  were  also  observed  in  the  initial  ti’sts  conducted  by  the 

fniversity  of  Dayton  Research  Institute  and  ultimately  reported  in 
Reference  5.  The  availabilitv  of  test  equipment  precluded  continued 
testing  at  the  load  levies  of  the  baseline  Select-Random  load  spectrum. 

To  effect  a practical  ti-st  program,  a plan  was  developed  to  (a)  increase 
the  ti'st  stress  levels  to  vielii  comp.irahle  iMidur.inces  ti'  the  Schedule  50 
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s|UT  iinons , (b)  invcst.ig.itf  t lie  si-nsilivitv  of  fatigue  life  or  endiiraiu'i’ 

to  tile  stress  li'vel,  ami  (i)  determine  tiie  effects  of  proof  testing  on 
cndur.ince.  i'or  e.icii  si'ries  of  t iiese  tests,  .ail  tile  load  ic-vels  in  tile 
li.lsi' I i 111-  St- 1 ec  t -Random  sjiectrum  were  multiplied  by  a common  f.ictor 
(Table  7);  i.e.,  the  .iver.ige  stri-sses  over  the  bond  line  were  increased 

propiir  t i ona  1 1 v . i 

(I  e n e r . 1 1 I’ r^c  c;dy  i_rjL‘  : 

St.it  ic  tests  weri-  performed  on  specimens  of  e.icli  group  (Schedules 
40  and  ’)())  to  determine  limit  loads,  b.itch  effects,  .and  to  assess  any 
ch.ing.i-  in  strength  with  .age  in  an  a i r-cond  i t ioni-d  environment  (72  + 2°!' 
aac  nominal  rel.ative  humidity).  The  effects  of  specimen  vaidth  were 

.also  determined  from  static  tests  on  the  1 inch  wide  .and  1/2  inch  wide 

spec imens . 

Prior  to  fatigue  testing,  each  Schedule  aO  specimen  was  static.allv 
proof  test(-d  at  .05  inches  per  minute  (ipm)  to  4060  lb,  the  limit 
alliiw.able  (p|^.j,).  It  should  be  noted  that  the  1 level  load  of  4220  lb 

is  l04/(  of  the  proof  load.  Schedule  40  specimens  were  similarly  proofed 

to  4060  lb,  exci-pt  as  noted  in  the  proo  f - 1 es  t -e  t f i-c  t s ti-sts. 

A i-l.amp  was  placed  over  the  aluminnm  spacer  of  the  Schedule  50  coupons 
to  keep  the  failure  in  the  1/2  inch  lap  from  propag,.at  ing  to  the  3/4  inch 
joint  (by  impulse  or  a prying  action  - a problem  determiiud  from  prelim- 
in.arv  tests).  Tlii-se  f.a  t i gue-broken  specimens  were  subsequently  statically 
tested  to  failure  (at  .05  ipm  crosslu-ad  speed)  to  determine  the  residual 
strength  of  the  unl.ailed  3/4  inch  joint. 
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Tilt-  sinH-iinin  il.imp  w.is  mi'vod  to  oovor  t lu-  )/4  ituh  joiiu  (.luring;  the 
Silu‘(iiile  40  tt'sts  (oondiuted  after  t lie  Schedule  fO  It-sls).  This  was  done 
i to  constrain  the  fat i^ue  failure  to  the  1/2  inch  lap  after  it  was  noted  ! 

in  Referenct'  5 that  the  larp.e  sc.itter  in  einlurancc'  and  the  damage  vO'i'Wth 

i 

charac  t er  i St  i cs  coulii  proiiuce  fatigue  failuri's  in  the  3/4  inch  joint 

with  griMt  tretpiencv;  therebv,  effect ivelv  aborting  a test.  Thus,  the  ' 

Sclu'dule  40  tests  ciid  not  include  residual  testing  of  the  3/4  inch 
unbroken  meniber  of  the  joint  pair. 


SKCTION  VI 


KXl’KK  IMKXTAI.  KTSI'l/lS 

S t a t i i'  Tch^C_s  : 

PabK’  2 siimna  r i ZfS  all  static  tiiisilc  tests  condiii  t eil  in  tin- 
proKi'^itti'  Individual  data  points  are  conpiled  in  Table  i.  Results 
of  the  tists  conciucti'd  in  October  1972  for  both  Schedule  '<1)  an<l  jt) 
spi'cimt'tis  were  used  to  detirmine  the  nean  iiltimati'  streit'.th  atui 
ri'duced  allowable  for  static  ultimate  ( B-a  1 1 ow.ib  1 e ) . The  six 
Schedule  90  tests  (49°  plies  on  the  faying  surface)  had  a ni-an 
stri'nj;th  of  6767  il\  which  was  3”'  preater  than  the  Sclusluli'  40  niiMn 
strength  of  6985  lb.  Both  groups  of  data  showed  a coeffi<ieul  of 
variation  of  4,'.  The  no.iti  valiu*  for  all  twelve  specimens  was 
6679  lb,  which  reduced  to  a B-allowable  ol  l’|!,j,=  6089  lb.  This 
value  was  used  as  tlie  basis  f ir  proof  and  fatigue  load  generation, 
h fj' ec  t of  .Sp e c_i i dth  : 

The  specimen  width  was  not  rigorouslv  investigated  in  this  program. 
Nevertheless,  from  the  Schedule  90  data  siiown  in  Table  2,  the  stress 
capacity  of  1/2  inch  wide  specimens  does  not  appear  to  have  been 
degraded  from  edge  ef f ect s,  compa rial  to  the  1 inch  wide  specimens. 

Kffeep  of  I'reload  and  Krac t ure 

Static  tensile’  tests  were  comlucled  in  Septi-mlu'r  197  5 on  four 
wholi’  spec  i minis,  with  failure  in  the  1/2  inch  lap  followed  bv  a ti'st 
to  failure  in  the  '5/4  inch  lap  (Table  5).  riie  specimens  were  clamped 
over  the  aluminum  spacer  to  pri'vent  p.ross  failure  from  propap.a  t i ng. 
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from  t iio  \/2  iiu'h  lap  into  t ho  i/4  inoh  lap.  Tlio  .ivoraso  romaininp, 
stfiMijUli  in  t lu‘  largor  lap  I'l  tlu-so  spocimi-ns  9040  Ih  was  onlv  17, 

U)wor  than  tho  avorago  for  tho  four  spocimons  that  woro  not  proviously 
loaiiovl  to  failuro  in  thoir  smaller  joint  (where  the  average  strength 
was  9200  lb  in  these  3/4  inch  joints).  Thus,  evidence  from  these 
static  tests  does  not  indicate  that  a contained  rupture  in  the  1/2 
incli  lap  significantly  weakened  the  3/4  inch  lap.  One  should  note, 
howivir,  that  the  significance  of  the  residual  strength  of  these 
eight  specimens  was  reduced  by  three  failures  in  the  boron-c|U)XV 
.idhireml.  One  might  also  conclude  that  loading  these  bonded  joints 
to  about  73.'  of  their  ultimate  strength  will  not  greatly  affect  their 
ultim.ite  strength  on  .a  subsecjuent  load  to  failure.  These  conclusions 
be.ar  on  the  inferences  to  be  drawn  from  the  residual  strength  tests 
ot  this  program, 
lif  fect^of  /\gy: 

from  Table  2,  data  on  1 inch  wide  specimens  tested  in  September 
1973  and  November  1974  indicate  only  a slig.ht  drt'p  (1  to  2%)  in 
strength  with  age  on  both  Schedule  40  and  50  specimens.  Tests  on  1/2 
inch  wide  specimens  showed  no  decrease  in  strength  with  age  from  1974 
to  197b.  Thus,  it  appears  that  the  specimkMis  were  not  significantly 
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weakened  with  respect  to  room  t emper.i  f ure  test  by  aging  for  one  or  tVv;o 
Vk'ars  in  the  ;i  i r conditioiuul  room  wlu^rt-  they  were  storetl  at  room 
temperature  and  approximately  557  ri-lativi-  humidity. 


~'"TTT~~^  ■ j— .m 
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Kesiciu.il  St  relict  li  Tests- )/4  Ineli  .luints: 

Tile  'MU  ineli  lap  joints  of  t lie  Selii'clule  SO  specimens  were  pulled  to 

failure  .after  initial  f.itijtne  in  t lu-  1/2  ineli  I.ips  of  the  joint.  I’otui  I ,i  t 1 "ii 

me. ins  (.X)  .ind  cau-f  f i e i ent  s cil  variation  (vari.inee  -t  nii’an)  arc-  sliown  in  l.ible 

U tor  the  groups  of  dat.i  points.  The  residual  strength  lor  s[)ec  imen  S2-8 

was  eensorc-d  since  this  failure  load  was  Ic-ss  tli.in  the  spc'ctrum  loads  on 

the  whole-  joint  just  before  and  at  t.iilurc-.  I'hus,  the  5/4  inch  joint  must 

have  been  severelv  damaged  hv  the  failure  of  the  1/2  inch  joint.  I’ossihiv, 

the  clamp  used  on  the  s|)ecimen  was  improperly  torqiied,  or  the  fracture 

impulse  might  not  always  In-  localised  bv  a clamp.  The  two  other  low 

residual  strength  specimens,  S'3-fi5  and  52-10,  may  also  he  suspect  with 

their  strength  reduction  being  caused  primarily  by  the  1/2  inch  laji 

i 

f ' 

fracture,  and  not  the  cumulative  d.image  of  t fie  test  loads.  Tlu*se  two 

lo.'ids  were  not  censored.  However,  for  comparison,  statistics  are 

shown  in  Table  4 for  data  which  omits  the  suspect  loads.  Note  that 

the  data  indicate  coef f i c lent s of  variation  of  5%  or  less,  and  that 

ctmitting  the  two  suspc-ct  loads  maintains  this  char.ic  t er  i s t i c . Also, 

the  initial  static  strength  data  for  the  specimens  (T.ihles  1 and  2) 

show  compar.ible  coefficients  of  variation. 

The  residual  strengths  were  compari-d  to  the  two  grou|)s  of 

initial  st.ific-  stre-ngths  for  the  '5/4  inch  joints.  This  c-omparison 

was  after  both  tin-  spi-ctrum  tc-sting  and  constant  amplitude  tests 

(r.ible  4).  The-  resiclual  strengths  were  lower  than  tin-  initi.il 

stri-ngths,  with  the  mc-an  strength  for  the  weakest  group  (constant 

amplitude/I’  =2820  Ih)  being  57  Ic-ss  t hati  the  average-  of  the  init  i.il 
' max 

static  -itreiif'.ths  (9120  Ih). 
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Itti'its  ot ^Sur  f.'io;'  I’ 1^’  dr  ii'iit.'it  ion  : 

Thf  iMiiiiir.inco  ot  ilio  joints  willi  0°  plios  on  tho  t'.iviiiK  surl.icos 
(Sohi'iiuK'  lO)  was  foiiiul  to  bo  subs  t an  t i a 1 1 v jti'eator  than  t lio  joints 
witli  4'i”  plios  on  tlio  snrtaco  (Srboclnlo  aO).  This  is  sliown  for  tlio 
hasolino  sportrum  (l’j=422()  lb)  for  Solioilnlo  50  ami  tlio  single  data 
point  (43-5)  for  Soliodnle  40,  wliirli  bad  about  5 timos  tho  life  to 
failuro.  Also  t lu'  data  from  Gpooinum  42-29  (4.20  lifotimts)  liolps  to 
snbstantiato  this  observation.  As  further  shown  in  Figure  9,  the 
Sohodule  40  specimens  can  accommodate  307.  greater  stress  levels  than 
the  .Schedule  50  spi'cimens  and  acliieve  an  endurance  between  one  and 
two  lifetimes. 


i. 


CTpmpari.s_on  oj^  J);Ua_  to  University  of  Dayton  15pse;prc_h  JjTstJ_tu_Up  Kesu Its: 
Figure  9 also  presents  curves  obtained  from  Reference  5 for  16 
plv  spec-imens  w i t li  layups  virtually  equivalent  to  the  Schedule  40 
specimens.  The  specimens  of  Reference  5 were  1 0/+45/0.^/+45/0 1 as 
compared  to  the  1 0/+45/0 1 design  in  Schedule  40.  I'lie  low  miidulus 
adhesive  used  in  Reference  5.  tlysol  FA-9601,  differs  from  FA-951  bv 
being  cured  at  250F  (FA-951  is  cured  at  350F).  Although  both 
adhfsives  were  supposed  to  be  supported  films,  sc.inning  electron 
microsci'pe  analv.sis  of  the  Schedule  40  (and  Schedule  50)  joints  did 
not  reveal  a fibrous  support  for  the  adhesive  film.  Thus,  the  FA-951 
used  by  the  spi'cimen  fabricator  must  have  been  received  in  its 
unsupported  form.  Also,  rtiom  temperature  strength  of  the  FA-951  is 
greater  than  the  FA-9601  (7250  psi  vs.  5300  |isi,  respi-c  t i ve  1 for 
coupon  tensile  shear  over  1/2  inch  lap,  ;is  per  manuf ac t urer ' s 
spec  i f i c;i  t ions  A5-2  50  and  A5-2  54). 
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Ttif  initi.il  or  st.Uio  stron^tlis  for  both  tin-  Si'boilulo  40  .ind 
Srtu'iliilo  50  spoc  i motis  .iro  20Z  biglior  than  (ho  initial  strongths  for  tho 
spei  imons  hoiulLHl  witli  i',A-9h01  in  Ref eronco  5.  I'.ndiiranco  ciirvus  similarlv 
varv  tor  spocimons  with  0°  plios  on  tlio  faying  surfaros  (ligiiro  9). 
f'nrtltor  n-lations  aro  discussed  in  tlte  fortlicoming  paragraplis. 

If  feet  s ot  Jit  n-ss  Ia|\^el  on  F.ndiirjince  and  Res  idua  1_  St  reng,  t F : 

In  Rt'ference  5 it  was  noted  that  the  drop  in  endurance  becomes 
Vi rv  rapid  as  the  highest  load  of  the  general  test  stress  is  increasi-d 
above  80,'  of  the  static  ultimate  strength;  that  is,  where  the  magnitude 
of  each  spectrum  load  is  multiplied  by  a constant  (K).  The  knee  of  t he 
Scheiiule  40  l urve  in  Figure  9 is  where  Kl’ ^ is  also  aiiproximately  807 
of  the  static  tensile  str<?ngth.  This  compares  reasonablv  with  the  data 
for  FA-9601,  also  shown  in  Figure  9. 

The  very  nature  of  a fatigue  test  is  that  failure  occurs  when  the 
residual  strength  is  degraded  below  the  failing  load.  Fndurance  curves 
as  presented  in  Figurt>  9 can  he  considered  as  a series  of  limited 
residual  strength  tests  that  are  discontinued  <it  thi'  peak  loads  for 
each  cycli'.  Most  specimens  failed  during  one  of  the  two  highest  load 
cycles  in  the  load  spei  trum  (I.evels  II  and  1,  Tables  4 and  6).  Thus, 
one  might  consider  the  endurance  curves  as  a hand  of  residu.al  strength 
points  with  a vertical  spread  between  1’ ^ and  l’j|.  The  curves  of  Figure  9 
tend  to  become  horizontal  going  towards  the  left.  This  indii'ates  that 
a drop  in  residu.al  strength  to  80-907  of  the  initi.al  strength  occurs 
e.irly  in  the  test  history.  This  is  in  the  region  where  endur.ance  is 
below  1 lifetime  and  highly  sensitive  to  general  stress  levels.  The 
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r.ipill  ilri'p  in  ri'suiii.il  strciiKtli  is  prob.ilily  ciiic-  to  (i.im.ip,f  f.ui.sod  by 
till'  poak  loads  ratlior  than  iimui  1 <i  t i vi'  dama>;i‘  I rom  tlio  lowor  level 
loads.  Support  lor  this  eone  I us  i (Ui  e.in  be  obt.'iined  from  the  effects 
of  the  proof  test  i' xpi' r i men  t s in  the  next  section. 

Kf  t ec  t s of  Proof  Test  on  ldid_'njin_c_i'  and  St  at  i_c St  i^eiygl  h ; 

Sixteen  one  inch  wide  .and  six  1/2  inch  wide  specimens  from  t he 
Schedule  40  popuI.it  ion  formed  a d.ita  base  for  estimating  the  effects  of 
proiif  lo.ul  on  specimen  perform.ince . The  proof  test  w.is  conducted  prior 
to  t.atiRue  testing  in  the  s.ime  manner  as  that  conducted  during  the 
Schedule  50  portion  of  this  program.  This  involved  ;i  constant  cross- 
head r.ate  of  0.05  ipm  to  one  of  the  proof  loads,  6000  lb,  5500  lb,  4060 
lb,  or  zero  fiir  the  one  inch  widi'  specimens.  The  set  of  1/2  inch  wide 
specimens  was  proofed  to  2030  lb  or  zero  in  a simil.ar  manner.  The  loads 
Were  relieved  at  0.05  ipm. 

The  effects  of  spectrum  intensity  and  proof  load  on  endurance  are 
summarized  in  Table  7.  further  t.abulation  of  the  proof  load  d.ata  and 
the  effects  of  one  long  lived  specimen  on  me.an  test  data  are  shown  in 
Table  8.  This  high  endurance  point  (specimen  43-29)  is  considered  to 
he  representative  of  the  low  probability  'tail'  of  the  distribution 
curve  for  its  respective  d.ita  group  since  it  exceeds  .all  dat.i,  even 
for  less  severe  proof  loads,  and  this  endur.ince  is  significantly 
greater  tli.in  that  for  all  thirty  Schedule  40  tests  where  Kl’j  is 
gre.iler  than  5000  lb  (T.ible  6).  Thus,  it  is  not  represent.it  ive  of 
the  central  tend  ncy  of  its  dat.i  group. 
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Till'  proof  tost  d.it.'i  is  pliutoii  in  I'iRuio  10  for  t ho  1 inoli  wide 


spooimons.  I'roin  tho  rosiiKs  for  t ho  one  inch  wido  spoi  inions  thoro  is 
ovidonoi'  th.it  .1  proof  lost  ;U  ^000  Ih  or  027  of  tho  ri'dnood  ultim.ito 
slrongth  allow.ihlo  will  dam.tgo  t hi-  joints  (.an  ondnranro  rodiulion  to 
04'  of  tho  nnprooft'd  moan  d.ata).  Also  tho  d.at.i  in  I.ihli'  7 lor  tho 
two  1/2  inch  wido  joints  losti’d  .at  Kl’|  = 2750  Ih,  whoro  proof  tosts 
woro  to  027  of  tho  ultimate  .allowable,  indioaio  a s i >;n  i f ic.ant 
rodiii  tion  in  ondiiranoo  to  OIZ  of  the  nnproofcd  joints. 

Thus,  it  appears  th.at  proof  testing  of  those  joints  at  or  no.ar 
tlu'ir  static  limit  strength  will  rednro  endurance  - oven  for  <a 
flight  load  spectrum  having  comparable  or  higher  loads  in  it. 

This  would  indicate  th.at  tho  slowly  .applied  (.05  i pm)  high  initial 
lo.ad  prior  to  the  app  I icat  ion  of  nnmi'rou.s  low  amplitude  "working  in" 
lo.ads  m.av  he  significantly  more  d.am.aging  th.an  a lo.ad  of  comp.ar.able  or 
even  higher  m.agnitudo  encountered  later  in  the  test  history.  As  an 
.aro.a  of  future  study,  the  effects  of  a proof  lo.ad  near  static  limit 
should  he  determined  for  joints  tested  .at  a lo.ad  spectrum  designed 
for  long  life;  for  example  at  the  Baseline  .Spectrum  of  this  program 
(which  would  not  he  multiplied  by  factor  K to  achieve  shorter  lest 
t imos ) . 

At  .a  proof  test  of  5500  Ih  (17.  greater  th.an  the  maximum  fatigue 
load,  KI'|)  the  data  (excluding  spi'cimen  4'3-29)  indic.ale  that  a 
proof  test  .at  5500  Ih  causes  a reduced  endurance  of  547  of  specimens 


ni't  proot  U'stcil.  This  proof-lo.ul  is  907.  of  the  reduced  (B  n 1 I ow.ib  1 o ) 
iiltim.ile  sirongtli.  In  Roforonco  5 a comparable  initial  load  of  867' 
ultimate  produced  an  endurance  that  was  537'  of  the  nonproofed  data, 
^hedu  le  50  Endurance- Base  I ine  Sj>ecnjaim: 

The  results  of  Schedule  50  fatigue  tests  are  listed  in  Table  4 and 
summarised  in  Table  5.  Baseline  data  indicate  a reduced  endurance  in 
the  specimens  from  Batch  52,  compared  to  Batch  53.  However,  a weakness 
or  difference  in  endurance  was  not  apparent  between  the  two  hatches  in 
the  v.irious  truncation  tests.  In  fact,  the  specimens  from  Batch  52 
tend  to  average  greater  endurance  than  the  Batch  53  specimens  in  both 
the  truncation  and  constant  amplitude  tests.  Thus,  the  data  for  the 
baseline  endur.ance  of  specimens  52-3,  52-8,  52-23,  and  52-28  (which 
was  taken  during  the  start  up  phase  of  the  fatigue  testing)  may  be 
suspect . 

Schedule  50  Kndii ranee- Random  Spectrum: 

ihe  average  specimen  endurances  under  randomlv  applied  loads  at 
constant  frequencies  are  indicated  in  Table  5.  Since  each  of  the 
eight  specimens  was  from  Batch  53,  the  endurances  are  compared  to  the 
b.'.seline  endurance  of  1.26  lifetimes.  The  random  i^ndurances  are  367 
and  38%  of  the  endurance  for  the  baseline  tests,  for  the  1/2  Uz  and 
8 Hz,  respectively.  One  should  note  that  the  range  of  frequenev  in 
these  tests  is  close  to  the  maximum  and  minimum  frequencies  of  the 
b.iseline  spectrum  (10  Hz  and  1/4  Hz,  respectively).  The  4%  reduct i<m 
in  lifetime  at  1/2  Hz  Cfimpared  to  that  at  8 Hz  m.iv  be  attributed  to 
creep  effects,  but  is  probably  more  related  to  exper  i miui  t a 1 sc.it  ter. 
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Tin  ilil.i  sliiiw  th.il  till'  r,m<iom  loadinj;  is  more  d.imaj;  i ii”  t lian 


hli'i'ki'd  or  fjuas  i -b  ! ookod  loading.  Also,  I la-  validit'.'  of  t li  i s comparison 
is  support(-’d  bv  Llic  tact  tliat  loads  in  both  spectra  in  the  program  started 
1 rom  tbe  same  condition  (1  g).  Tliat  is,  t lie  load  ranges  were  the  sami' . 

In  the  case  at  hand  the  major  blocking  was  with  the  low  amplitude  lo.ids 
sime  the  higher  amplitude  loads  were  applied  reasonably  dispersi'd 
(I'iguri-  7).  Actually,  loads  of  magnitudes  A and  to  a lesser  extent  iJ 
iiften  occur  in  sliort  blocks,  even  in  random  seliu-tion,  dui‘  to  their  large 
number  of  occurrences  relative  to  the  other  discrete  loads  (Figure  8 ). 
Toad  Trunca  t ion : 

From  Table  5 the  effects  of  low  and  high  magnitude  load  elimination 
or  truncation  can  re.idily  be  appreciated.  The  low  loads  are  often 
I'xcluded  in  fatigue  testing  of  metal  structures  to  afford  test  economics. 
High  magnitude  loads  mav  be  excluded  to  eliminate  the  complexities  of 
simulating  the  chance  occurrence  of  very  remotelv  occurring  loails. 

Tow  J -oad  T r im cvi  t u) n : 

A Ig  incremental  bending  moment  about  the  Ig  cruise  condition 
is  typically  taken  as  the  cut-off  or  lower  truncation  for  metal  f.ttigue 
tests.  With  a Ig  load  of  420  lb  for  this  studv  (Table  1),  tlie  A level 
test  load  is  1 . 4g  above  the  Ig  cruise.  This  level  was  truncated,  as 
were  both  the  A and  15  levels  together.  Additional  truncation  of  load 
levels  would  eventually  lead  to  the  high  endurance  limit  indicated  in 
Figure  II,  wlu're  the  constant  amplitude  endurance  at  load  level  1 would 
be  approx  i m.i  t <■  I V 190  lifetimes,  based  on  reversed  constant  amplitude 
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.i.it.i  and  28'j  liti'tinies  li'r  non-rl■V(.■rs^Hl  load  inn* 


Tlioso  somowliat 


aiMdomio  limits  wm*  dorivod  bv  dividing  the  I’yolos  to  failnri'  load 
lovol  I (4220  lb),  found  in  Figure’  12,  tiy  2b. b8,  wliioli  is  t lio  numl)or 
v't  oi'iurroiu'os  ('I  I’ ^ per  litotiinf.  Similarlv,  wito  additional  load 
livois  applii'd  to  till'  lowor  ond  of  tile  test  spectrum  (I’.g,..  tiu'  M 

li-vel  of  Table  I),  one  would  expect  tiie  endurance  curve  to  trail  oft  i 

t”  some  average  liti'time  below  the  1.2b  lifetimes  found  for  the 
b.iselini'  load  spectrum. 

Tiu'  slope  of  the  curve  for  these  data  in  Figure  11  indicates 
that  c, ireful  attention  must  be  given  to  the  selection  of  a lower 
truncation  limit  for  a given  test  program.  The  + Ig  level  about 
till’  cruise  condition  should  not  arbitrarily  be  used  as  a lower 
truncation  even  though  it  may  correspond  to  only  20%  of  the  spectrum 
limit  load. 

In  Reference  b additional  low  amplitude  loads  between  30%  ami  50/' 
of  the  design  limit  load  were  added  to  the  baseline  spectrum  of  the 
study.  A m.irked  decrease  in  endurance  (73%)  was  found.  .M  though  these 
data  on  bonded  step-lap  joints  do  not  direct  Iv  support  conclusions  in 
the  present  study,  they  do  further  indicate  that  low  levi-1  truncation, 
in  v.irious  forms,  is  of  great  significance.  On  the  other  hand,  data 
from  Reference  5 indicated  little  decrease  in  endurance  where  levels  A 
and  B were  truncated.  An  explanation  for  these  divergences  of  results 
is  not  apparent.  One  might  explain  the  data  i-onflict  around  the  f;ut 
that  the  joints  tested  in  this  latter  reference  were  not  I'ompar.ible  to 

i 
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tlif  SiIkhIii  If  SO  joints.  lli.it  i , t ho  joints  in  Kotoronco  S li.id  0“ 
plies  on  tho  laving  snrtaoo'.,  not  +4S°  plios.  On  tho  ot  In  r li.ind , 
tho  stop-lap  dosigns  of  Roforonci-  h had  0°  plii's  on  faving  surlacos 
and  thov  wori'  grivitlv  at  fm  lod  hv  low  amplitndo  loads. 

H i j^h  Load  1 I i ni  i n.it  i on  : 

1,0. id  Lovols  romovod  from  tho  b.isi'lino  sport  ruin  for  tin-  high 
load  o 1 ini  n.it  ion  d i d not  inoliido  tho  romova  1 of  tho  maxinum  load  (I  1 ovo  1 ) 
Thus,  in  effort,  those  tests  involved  a limited  residua!  strength  tost 
every  SO  missions. 

The  marked  inere.ise  in  enduraneo  with  the  elimination  of  high  lo.ids 
is  plotted  in  Figure  11.  Note  that  the  eliminated  loads  (F,  (1,  and  II) 
each  occur  less  than  one  time  per  mission  (TahK'  1),  and  that  the  (1-levi'l 
load  is  847  of  the  design  limit  load. 

(,i)ns_t  t Amp  1 i tude  Fati  giie  - Schedule  Jd) '. 

Constant  amplitude  data  were  obtained  on  the  Schedule  SO  specimens; 

both  to  comp.are  anv  effects  on  the  mode  of  failure  to  random  load  fatigue 

and  to  investigate  the  suitability  of  this  type  of  data  to  f.itigue  life 

prediction.  An  inclusive  cons t ant- 1 i fe  diagram,  ma|>ping  a S-N  endurance 

for  ranges  of  minimum  load  (!’  . ) and  m.iximum  load  (P  ) w.is  hevond 

min  max 

tlu‘  scope  and  intent  of  this  program.  Also,  nuru’rous  studii's  (e.g., 
References  1 and  4)  havi'  shown  that  a Miner's  Rule  analvsis  of 
s i mu  1 a t ed- f 1 i ght  or  random  loading  will  lead  to  over  optimistic  results 
in  predicting  the  endurance  of  bonded  composite  joints.  Therefore,  t hi- 
basis  of  this  phase  of  the  study  was  to  (a)  obt.iin  a constant  amplitude 
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(S-N)  iiirvi'  with  rcviT'^ctl  lo.idnig,  (h)  oht;tin  a ifiis  ion-ttns  ion 

constant  ,imn  1 i t luii-  curvo  hasial  upon  a minimnni  load  (!’  . ) takon  .as 

min 

till’  tli;tht  oondition  (T.ihlo  1),  .and  (o)  lomp.aro  i.ailuro  modos  .and 

istim.ato  i-ndnr.init*  using  tlioso  two  ourvt's. 

Dat.a  1 rom  t ho  ti-vorsod  load  and  t ho  l ons  ion- tons  ion  tosts  aro 

snmmarizod  in  T.ablo  4 .and  displavod  in  Kiguro  12.  One  data  point 

(spooimon  51-h)  w.is  I'onsorod  based  upon  irregular  proof  test  perfoirm.anco 

th.it  indii'ali’d  .a  p.irtial  f.ailure  during  the  proof.  The  reversed  lo.ad 

tests  were  .arbitrarilv  oonduoted  at  what  was  considered  to  be  a severe 

.imount  of  compression  compared  to  that  encountered  in  the  baseline 

spectrum.  Th.at  is,  the  two  conditions  tested  for  K=-0.2  had  minimum 

loads  of  -812  lb  and  -S24  Ib,  respect  ive  1 v . These  comp.are  to  the  two 

lowest  to.ads  in  the  baseline  spectrum,  -980  Ib  and  -580  lb,  which  only 

occur  twii'e  .and  18  times,  respoi  t i ve  1 y , per  one  hundred  missions. 

Also,  the  ratio  of  compressive  loads,  zero  load  crossings  to  positive 

lo.ads  (pe.aks  .and  v.allevs),  is  I'nly  0.038  in  the  haseline  spei  trum. 

As  expiated,  load  reversal  decreased  specimen  life  from  the  all- 

tension  tests.  The  reduction  .it  1’  =4000  lb  w.as  to  07.  of  the  all- 

m.a.x 

tension  endurance,  and  .at  P = 5020  Ih  the  reversed  stress  endurance 

m.ax 

w.as  only  22Z  of  th.at  for  the  t ens  i on- 1 ens  i on  cycles. 

Mi  ner_' s JRii  le^  An.alv.si^  - J^chediiJt^  50: 

■fho  most  d.amnging  const.ant  .amplitude  S-N  curve  of  Tiguri-  12  w.as 
used  to  oht.ain  const.ant  .amplitude  cvc  I es- t o- f ,i  i 1 uro  (N.)  at  e;udi  of 
the  lo.ad  levels  (i-A  to  I,  inclusive).  I'liese  values  .and  the  numher 
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,'I  peaks  t dr  each  loati  level  (Ka-urin^  per  lifetime  in  the  load  spei  l rum 
(Table  1)  were  eombined  to  olitain  linear  damage  estimates.  Table  9 
indieates  tiie  results  for  tlie  classical  T(n./M.)  of  Miner's  Tlieory. 

Idle  riglit  liand  I'olumns  sliow  tlie  damage  .at  failure  for  tlie  various 
Seliediile  50  spectra  tested.  As  seen,  tlie  cumulative  damage  by  Miner's 
Kiili'  for  the  b.aseline  spectrum  only  attained  h.bhZ  at  failure  (compared 
to  the  100'  requiri'd  by  Miner).  Similarly,  damage  estimates  for  the 
truncated  spectra  would  have  been  highly  unconservative  were  Minor's 
Rule  used.  dlie  i nappropr  in t ness  of  linear  damage  estimation  becomes 
even  gretiter  where  more  random  load  simulation  is  used,  <and  where  more 
rigorous  constant  amplitude  data  shift  the  S-N  curve  to  the  right 
(Figure  12). 

A method  to  use  Miner's  Rule  or  linear  damage  analysis  to  develop 
an  understanding  of  the  effects  and  interaction  ot  each  of  the  load 
levels  is  not  readily  app.arent.  Further  testing,  wherein  the  successivt 
truncation  of  loads  is  performed  might  yield  a data  base  which  could 


1 nc  rease 


our  under.standing  of  the  importance  of  the  interactions  of 


the  high  lo.ads  on  the  damage  caused  by  the  lower  loads.  Nonetheless, 
there  appears  to  be  no  substitution  for  good  f 1 ight-bv-f 1 ight 


simulated  testing  in  the  structur.il  design  .ind  verification  process. 


SKcrnoN  VII 


KAlU’Ki;  M(1,)K  SITDV 

(irm  r.i  I Dhsi-rva  t ions  ; 

T'h‘  f.iilotl  stnH'imons  woro  cat.i  loguoil  by  Lesi  typo  (o.g..  static, 
ranilom  t'atiftuo,  constant  amplituclo  tatiguo),  failure  pattern,  laiinre 
nio.le  anil  app  rox  im,i  t e percent  thereof  over  the  fracture  plane,  and  the 
ri-lat  ionship  of  failure  to  the  location  of  siritn  naterinl.  figure  IJ 
ilescrihe.s  the  general  failure  modes  and  patterns  observed.  'Inst  miules 
could  hi'  differentiated.  However,  the  distinction  between  cohesive 
failure  within  the  adhesive,  and  adhesive  failure  at  .in  adherend  was 
sometimes  obscure,  where  a verv  thin  film  of  adhesive  might  remain  on 
the  adherend.  Figure  lA  shows  the  ruptured  surfaces  of  a tvpical 
S.hedule  If)  f ;i  t igue-f  a i 1 ed  specimen,  52-18.  Two  modes  of  failure 
predom  i n.i  t e t vix..  Mode  B shear  along  the  bare  boron  fibers  and  the 
torn  (tensile  failed)  regions  in  the  +A5*  plvs  at  F.dge  T (Mode  0). 

A scanning  electron  microscope  (SF.M)  was  used  to  study  the 
failure  surfai-es  and  observe  fracturi’  patterns.  Figure  15  includes 
four  pictures  of  failure  areas  (>n  the  titanium  strap  iif  a fatigued 
specimen  (5  1-31)  t.iken  at  150X.  Figure  i 5A  is  a boundary  between 
a B-tvpe  failure  mode  and  .a  cohesive  f.iilure  (Mode  C).  fhe  bundli- 
of  fine  fibers  is  a yarn  ol  scrim  (104  style  glass  fabric.) 
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asakomm 


I 


Ki>;uro  1 5H  w.is  t.ikiTi  in  thn  ciniltT  ol  ,i  l.ii'Kn  art-.i  nf  ci'linsivo 
t.iilurn  in  the  .ulhesive  (Moile  C).  I'Lunre  1 iC  sliows  an  area  wliere  the 
ailiiesivt'  tailed  on  t lie  titanium  snrtaee  (Mode  Aj).  To  the  naked  eve 
this  area  had  a dull  ap[>ear.mre  and  it  was  suspected  that  a thin 
layer  ot  adhesive  might  liave  remained  on  the  surface.  A sliiny  area 
where  the  i itanium  was  scraped  when  prving  the  specimen  apart  was 
e.xamined  to  compare  with  figure  15C.  This  is  shown  in  figure  1 SI) 
when-  the  san<iin>’,  pattern  from  the  prebond  surface  treatment  is 
I learly  shown.  Pictures  of  each  of  these  areas  taken  at  1 5X  are 
shown  in  figure  16. 

figure  17  show-  a 1 5X  view  along  Kdge  T of  the  central  adherend 
of  spec  imen  53-'ii  where  bare  boron  filaments  (Mode  H)  meet  +4 
filaments  (Mode  D).  Note  the  0/90  degree  oriented  woven  scrim,  and 
a triangular  patch  of  cohesive  failure  in  the  adhesive  (lower  left 
hand  corner).  figure  18  shows  a typical  area  at  13X,  7SX,  and  ISOX. 
Note  that  in  low  magn i f ica t ion  the  bare  boron  filaments  appear  concave, 
whereas  at  higher  magn i f ica t ion  the  actual  surface  features  of  the 
boron  are  seen.  A scrim  filament  appears  in  the  center  of  t lu'  1 SOX 
picture.  1 h<-  adhesive  is  seen  to  not  have  a woven  carrier,  and 
siattered  chunks  of  laminate  resin  are  seen  on  t lu'  boron  filaments. 
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Sunmiarv  ol  K.iihira  Mmlus; 

OiH’  i : twi>  ilia  rail  t>r  i si  i i'  tailiiri'S  wiTi-  nhsi'rvt-d  for  oarli  lost 

aiui  sper  inion  type.  fabli'  10  siimma  r i zos  tliu  typical  failure  modes  by 
percent  and  pattern  over  tiu*  boron  epoxy  failure  .surfaces.  In  stuilving 
the  table  it  should  be  recalled  that  the  nonscrim  surface  of  tlu‘  central 
adlu'rend  did  not  have  a b.alance  scrim  ply  over  the  outside  or  surface 
ply  of  boron.  Also,  the  last  column  defines  the  failure  pattern  on 
the  surface  considered  to  fail  first.  Schemat ics  of  the  specimen 
layers  are  shown  in  figure  19.  To  understand  the  format  of  Table  10 
consider  the  .Schedule  40  fatigue  tests.  Two  modes  were  charac  t er  i s t ic  : 

(a)  Sixty-five  percent  of  the  specimens  had  .i  predom  i n.ant  1 y Pattern 
40-2  failure  on  the  scrim  side  where  the  Mode  H failure  varied  from  SO 
to  80  percent  of  the  area.  The  reverse  side  showed  a widi.  range  of 
failure  with  the  amount  of  bare  0*’  filament  ranging  from  10  to  90  percent. 
Areas  that  were  not  Mode  B (on  both  failed  surfaces)  were  predominantly 
cohesive  failures  (Mode  0). 

(b)  Another  group  of  specimens,  )S  percent  of  the  total.  faiU'd 
on  the  scrim  side  along  the  outermost  0*'  boron  ply  in  Mode  40-IT, 
with  80  to  99  penent  of  the  .area  showing  .Mode  B.  The  sides  f.ailing 
secondarily  ii.ad  between  60  and  90  percent  Mode  B failures  over  the 
fracture  surf.ace.  The  remaining  fractures  of  these  surf.aci's  were 
also  predominantly  cohesive  in  the  adhesive. 


Appari'nt_  Silh’  fur  First  FaiJ  u rc^Ba^s  i s f_o_r  St'l  f_r  t_ion  ; 

Test  ap|ia  rat  us  suitable  for  di’lee  L i ntt  the  spec  inu-n  side  or  fayiriK 
surface  of  the  central  adhercnd  to  t irst  rupture  was  not  ileveloped  or 
employed  in  this  program.  Thus,  the  catalogued  data  in  Table  10  that 
summarize  I’r  state  t lie  predominant  side  for  first  failure  are  somewhat 
subjective  in  nature.  The  selection  of  the  apparent  surface  for  first 
failure  in  the  double  lap  joints  was  strongly  based  upon  the  following 
rationale  dealing  with  type  of  failure  and  amount  of  failure: 

(a)  A uniform  failure  of  Mode  B over  a large  area  of  one  side  of 
the  bf'ron  adherend  indicated  first  failure,  where  the  reverse  surface 
had  a partial  cohesive  failure,  a torn  or  mixed  mode  appea rani'i- , or  a 
lesser  amount  of  B failure. 

(b)  The  second  surface  to  fail  has  been  thrown  into  singli‘-lap- 
type  peel  and  impulse  loads.  It,  therefore  will  tend  to  have  greater 
clevage  and  more  nonuniform  failure,  often  penetrating  into  the  inner 
pi ies. 

(c)  A major  area  of  adhesive  failure  (A^^  or  Aj.)  indii-ated 
a side  for  first  'ra'  turi'. 

F.ach  of  these  .assumptions  can  be  parti.allv  supported  by  deductions 
relating  modes  of  failure  to  internal  stresses.  Also,  a logic, il 
.an.ilysis  relating  the  varicnis  tests,  specimen  designs,  .ami  hvpot  hes  izeii 
f.ailures  w.as  conducted  in  this  study  to  assure  .all  failure  hvpotheses 
were  consistent  with  each  other.  Discussion  of  such  .are  Included  in 


.suh.st'(ji)ont  p.i  r.i  i^r.iplis . Hut,  ron-ifii  I iss  I'l  iiH  conip  1 ut  f v.ilidiiy,  t liu 
r.itii'iialu  piusuius  .1  uons  i st  ,iu  sot  ol  rritori.i  for  compariuK  failuro 
to  tlio  sirim  or  nonscrim  sides  of  the  specimens.  This  comparison  was 
useful  in  determining  whetlier  the  application  ot  strim  is  ,in  important 
factor  in  joint  design  and  endurance. 

Sir  ejs  s }h  u 1 1 ■ r n s ; 

From  References  3 and  4 the  stress  pictures  lor  these  joints  in 
tension  would  be  as  shown  in  Figure  19.  Shear  stresses  in  the 
adhesive  and  centr.al  adherend  are  greater  in  the  region  near  the  end 
of  the  titanium  straps  (Fdge  T)  a.s  compared  to  near  the  end  of  the 
central  ai'T.orend  (Fdge  F)  since  the  stiffness  of  the  oiUa^r  adherend 
is  greater  than  that  for  the  bt'ron/epoxy . Also,  the  peel  stresses 
reach  .1  positive  peak  at  this  same  edge.  Thus,  one  wouUl  expect 
th.at  the  mode  or  modes  of  fa  i hire  might  normally  originate  intlie 
adhesive  or  in  the  boron  laminate  near  the  edge  of  the  titanium  strap. 
After  one  side  of  the  specimen  fails,  the  specimen  behaves  as  a single- 
lap joint  with  Very  high  peel  and  shear  stresses  at  both  edges  of  the 
bonded  area. 

In  Hef'cri  nee  4,  SFM  pictures  were  taken  to  establish  the  ditterinice 
between  a peel  and  shear  mode  of  failure  along  an  exposed  boroe/epoxy 
ply.  Also,  high  magnification  was  employed  to  observe  the  resin  crai’ks 
and  relate  them  to  the  directions  of  principal  stresses. 
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NumiTOus  observations  .ilon),',  I tie  Moili-  it  lailurt'  surt.ues  on  t iio 

boron/epoxy  ml  boronti  s , ol  representative  spee  imeas  t rom  ts-nli  of  tin 

test  groups  .ind  schedules,  w<‘re  t.iki-n.  I’ii  tiires  were  taken  near 

bdges  r and  F and  at  the  mid-lap.  In  all  cases  whi're  a Mode  B 

failute  existed,  shear  fractures  were  observed  in  tin*  resin  areas 

between  the  boron  filaments.  Fii’.iire  JO,  taken  perpenil  icu  I ar  1 1>  t he 

ply  planform,  shows  the  interfilament  tensile  surla<-es  along  planes 

inclined  to  the  direction  of  load.  The  slope  ol  t hesi'  small  surfaces 

with  respect  to  the  s|)ecimen  tab  or  load  dires  t ion  can  be  betti'r  seiui 

by  observing  the  residue  on  the  titanium  strap  that  shears  from  t lu’ 

boron/epoxy  adherend.  Figure  21  presents  an  ancle  view  of  the  inter- 

filament  r<-gion.  Figure  22  s)h>ws  the  view  of  the  Figure  2)  area 

taken  perpendicular  to  the  surface.  These  sawtoothed  cracks  shoulii 

be  perpendicular  to  the  direction  of  principal  stress,  ami  indic.ite 

c> 

that  a static  failure  occurred.  The  angle  is  seen  to  be  jO  or  less 
and  indicates  that  both  shear  and  peel  forces  are  opi-rativ»-.  .Similar 
patterns  were  observed  on  fatigued  specimens.  That  is,  'p“P  tent' 
crack  patterns,  indicating  reversed  stresses  during  crack  growth, 
were  not  observed.  This  was  contrary  to  data  in  Reference  4 where 
fatigue  failure  under  reversed  loading  was  shown  to  occur  in  the 
laminating  resin  (Mode  B)  by  toothed  pattern  when-  both  sides  of 
the  tooth  were  sloped,  indicating  princ  ipal  stress  reversal. 
Unidirectional  or  static  shear  fracture  patterns  from  this  reference 
had  sawtof)thed  p.it  terns  compar.ible  1 1'  Figure  21. 


K.iilliro  Modi'  lor  Static  i es t_s/Sc IhhIu  1 c AO; 

Approx  im.i  t o 1 y 50'  ot  the  1 inch  wide  specimens  and  two  of  tlie  three 
1/2  inch  wiile  specimens  failed  with  the  scrim  side  havinp  Pattern  40-lT. 

The  i indicati's  that  the  boron  shear  failure  hutted  ri>;ht  up  to  ICdge  T 
(Figure  2iA).  Only  one  specimen  failed  with  this  pattern  on  the  nonscrim 
side.  Two  out  ol  the  nine  1 inch  wiile  specimens  failed  with  80%  C and 
.ilmost  100%  A|^,  respectively,  on  the  scrim  side.  The  remaining  specimens 
failed  in  Mode  40-2  on  the  scrim  side,  with  less  than  20%  Mode  K on 
this  surface  (Figure  23B). 

The  reverse  side  (nonscrim)  for  these  static  specimens  was  mostly  a 
mixed  mode  of  B,  C,  and  A (Pattern  40-3)  with  the  Mode  C generally  oicurring 

D 

along  Edge  T,  and  with  A near  Edge  F (Figure  23C).  On  1 v one  specimen  out 

n 

of  the  12  tested  had  a rupture  down  to  the  next  lower  0^'  ply,  and  only  one 
had  a narrow  strip  (20%)  of  Mode  B along  Kdge  1. 

From  the  failure  criteria  previously  outlined,  the  most  probable  first 
surface  to  fail  was  the  scrim  side,  for  the  specimens  having  Pattern  40-11. 
Shear  between  the  0*'  boron  and  its  scrim  occurred  in  the  most  stressed  area 
(shear  and  peel)j  as  in  Figure  19  and  seems  to  be  the  likely  failure 
initiator.  I'he  one  ragged  interply  fr.icture  was  on  the  nonscrim  side  of  a 
specimen  having  Pattern  40-2  on  its  scrim  side.  Also,  the  remaining 
patterns  on  the  nonscrim  side  for  t hes<>  specimens  were  comparable  to  t hi' 
nonscrim  sides  of  the  Pattern  40-lT  specimens.  This  ti'tids  to  indicate 
that  these  specimens  also  failt'd  on  the  scrim  side.  However,  the  small 
amount  of  Mode  B and  its  loiation  away  from  Kdge  T makes  it  likely  that 
t lu'  rupture  iiiitiati'd  within  the  ailhesivi'. 


J(. 


Kii  i lure  Muile  for  I'at  ij^uf  J^esLs/SiJu^ckt_U>  40  ; 

Of  the  one  iiuh  wide  specimens,  65/  failed  with  Pattern  40-2 
on  the  scrim  side,  where  the  oval  li  area  was  typically  607  of  tiu- 
total  faying  area,  and  often  reached  Kd^e  T (Fip.ure  24A).  The 
remaininj'  specimens  failed  in  Pattern  40-IT  on  t lu'  sirim  side. 

Here,  the  6 area  was  usually  80  to  997  of  tiie  total,  with  scattered 
broken  0*^  filaments  (Figure  24B).  The  nonscrim  side  for  the  I inch 
specimens  generally  failed  in  a mixed  and  rather  ragged  mode  with 
50  showing  interply  failure  to  lower  plies  (Figure  24C).  Thirty 
percent  of  the  nonscrim  surfaces  were  of  Pattern  40-1  (Figure  241)), 
some  almost  100%  B failure.  Many  failure  surfaces  had  10  to  20% 

Mode  C failure  along  Edge  T;  and  generally  a narrow  cohesive/ 
adhesive  zone  at  Edge  F,  even  where  most  of  the  failure  surface  was 
Mode  (1. 

Figure  25  shows  failure  surfaces  of  the  one  fatigue  test  for 
Schedule  40  that  was  cycleil  past  7 lifetimes  and  failed  in  its  1/4 
inch  lap.  The  pattern  of  the  larger  lap  shows  a high  percentage  of 
Mode  B.  This  indicates  that  fatigue  damage  occurred,  a conclusion 
supporti'd  by  the  larger  fraction  of  Mode  B compared  to  static  tests. 

The  1/2  inch  wide  fatigue  specimens  mostly  failed  with  Pattern 
40-IT  on  the  scrim  side,  where  the  B area  ranged  from  80  to  95%  of 
the  f.'iyitig  surface.  The  reverse  surface  had  siime  mixed  modes,  but 
with  607  showing  Pattern  40-1.  These  latter  specimens  typically  had 
most  of  the  cohesive  (C)  f.iilure  along  Edge  i'. 
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l-'KM  ox.im  i n.i  t ion  of  ttu-  failotl  B siirtaios  showi-d  .1  saw- 1 no  t tu-tl 


pattorn  in  thk>  laminatinR  resin  alonj;  t tie  B failure  plane  (Fin'ire  20). 
liiis  pattern  iiuiicatetl  kin  id  i : ec  t iona  1 shear  at  failure  with  no 
inil  ii-at  ii'n  of  i-yclie  damage  growth.  That  is,  the  pattern  was  similar 
to  that  for  the  static  specimens.  An  attempt  to  detect  stress 
reversal  and  fatigue  growth  w.as  made  hy  observing  the  valleys  on  the 
matching  sides  to  the  bare  boron  fibers  of  the  central  adherend; 
i.e.,  by  magnifying  the  shear  surfaces  on  the  titanium  straps. 

No  'pup  tent'  crack  pattern  was  noted. 

Discussion  of  Schedule  40_Resul_t^; 

A comparison  was  made  of  the  static  failure  surfaces  to  the 
tatigue  failures  for  Schedule  40  specimens.  The  following  differences 
were  noted: 

(a)  Fatigued  specimens  have  a greater  amount  of  Mode  B on  the 
scrim  side,  both  for  Pattern  40-2  ami  40-1.  Also  the  nonscrim  side 
for  the  fatigued  specimens  had  more  Mode  B surface  area.  Thus, 
fatigue  must  be  weakening  the  shear  between  the  0^  fibers  and  the 
laminating  resin.  This  weakening  is  present  for  both  the  1/2  inch 
joints  and  the  '5/4  inch  joint  tested.  The  damage  apparently  v,ieakens 
the  3/4  inch  joint  at  a rapid  rate,  thus  creating  the  situation  where 
many  '5/4  inch  joints  were  failing  before  the  1/2  inch  joint  (as  in 


( h ) Vho  l.it  ij’jifil  spin  imcns  h.ul  .i  tiTidiTU'V  fUr  inlorply 

l.iilufi'  lii'wn  !■'  the  nt'Xt  0 ply  nn  tin-  nonsi  rim  siili-,  wliirh  is 
hypnt  tu-s  i 7.1-d  .IS  the  scrond  sidf  to  t.iil. 

(i' ) I’.ittorn  40-2  f.n'luro  m.iv  ho  r.iii.sod  t i rst  bv  coho.sivo 
f.iiluri'  in  tlu'  .ultiosivi'  in  t lu-  rcpion  ot  the-  hifiti  sho.ir  and  piad 
((.-dpi-s  .ind  sides),  followed  by  shear  a 1 onp  tlu-  boron  I i laments. 
Support  f<ir  this  comes  from  the  SKM  p.itti-rn  ot  a unidirectional 
t.iilure  stress  .along  the  0^'  layer.  However,  .1  valid  r.ition.ile 
exp  1 .1  in  i ng  the  greater  sue  cep  ta  b i I i t y for  cohesive  f.iihire  in  t he 
.ultu-rend  on  the  scrim  side  is  not  apparent  - unless  ('tie  assumes 
th.it  tlu-  added  thickness  of  low  modules  sc  i im  and  resin  .allows  the 
adtu-sive  to  strain  more. 

(d)  Pattern  40-1  with  Mode  B .along  Rdgc  F was  not  observed. 

This  indic.ates  that  f.'itigue  dam.age  did  not  start  at  the  boron 
interf.aces  in  the  high  shear  area  adjacent  to  Kdge  F and  subsequently 
c.ause  fracture  to  move  inward,  until  the  siu-ar  ultimate  of  the 
rr-mninin^  hand  area  was  readied. 

fe)  The  fatigue  s[)ecimens  failed  in  Pattern  40-2  at  twice  the 
frequency  of  occurrence  ,as  for  the  static  specimens  (for  the  limitetl 
samples  tested).  This,  along  with  the  larger  percent  of  Mode  B in 
t tie  central  region  of  the  failure  pattern  may  indicate  that  t he 
cyclic  a<lbesive  damage  growth  was  re.stricted  to  closer  to  the 
specimen  eilges  and  sides,  and  that  it  progressed  at  somewhat  greater 
rate  than  the  damag.e  growtfi  in  the  laminating  resin/boron  interface 
along  F.dge  1. 


(t)  ’1  In.'  I.'iihiros  c'f  both  t tu'  static  nnd  fatigue  tests  where 


i’atteru  40-1  occurred  on  the  scrim  side  are  hypotiiesized  to  initiate 
on  the  scrim  sitle  along  bdge  T between  the  0/90*^  scrim  and  the  outer 
o"  plies.  I'he  Mode  B typically  progressed  to  near  Edge  F where 
failure  changed  to  cohesive  (Mode  C)  and  adhesive  (Mode  Often 

the  Mode  C failure  at  Edge  F was  a narrow  transverse  strip,  in  fatigue, 
this  failure  type  occurred  in  50%  of  the  static  test  failures,  except 
that  these  had  a greater  amount  of  cohesive  failure  (Figure  2'3A 
vs.  Figure  24B).  The  nonscrim  side  of  the  fatigue  specimen  often 
had  B failure  from  just  inside  Edge  F to  near  Edge  T,  where  cohesive 
failure  occurred.  The  nonscrim  surfaces  from  the  static  tests  were 
mostly  Pattern  40-3. 

(g)  The  tendency  for  a sharp  failure  along  Edge  T on  the  first 
surface  to  fail  is  predictable  since  this  area  has  both  high  shear 
and  normal  (peel)  stresses.  The  frecpiently  observed  Pattern  40-3 
for  the  second  failure  surface  (nonscrim)  where  cohesive  failure 
occurs  along  Edge  T (as  opposed  to  the  sharp  type  B failure  on  the 
first  surface  to  fail)  may  indicate  the  effect  of  greater  peel  as 
the  joint  changes  to  a single  lap. 

(h)  A possible  scenario  for  these  failures  can  he  hypothesized 
with  the  aid  of  Figure  2b.  First  failure  is  assumed  to  initiate 
along  Edge  T (Point  1)  with  a fracture  of  the  scrim  and  surrounding 
resin.  Next  static  shear  propagates  along  the  0*^  boron  until  the 
specimen  cocks  enough  to  cause  peel  in  the  adhesive  (Point  2).  High 
pe(‘l  on  the  nonscrim  side  causes  some  cohesive  failure  in  the  adhesive 

40  i 


and  laminating  resin  (Point  1),  but  most  failure  is  Mode  li.  Finallv, 
a stress  picture  similar  to  Point  2 occurs  at  Point  4.  I'iie  frequency 
of  this  failure  sequence  on  the  second  si<le  to  fail  (nonscrim  side) 
was  diminished  by  tlie  greater  tendency  for  ply  splitting  and  mixed 
mode  failure  on  this  severely  stressed  side. 
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Six  out  I’t’  t ho  oiv’ht  1/2  inch  wide  spec  iniens  I'aih/il  v;itli  the  n<insorim 
side  generally  showing  ahout  80-90Z  adhesive  failure  on  the  boron/epoxy 
surtace  (Mode  A ).  Of  the  other  two  spec  iniens  one  failed  with  80'"  A 

n n 

on  the  si-rim  surface  and  the  other  with  507  C/407  A,|,.  fhe  six  similar 
spec  inuuis  all  had  fractured  45*'  filaments  in  a sharp  line  along  Kdge  T 
with  r.onie  of  the  laminating  resin  pulled  off.  Also,  in  a small  number 
(2)  of  specimens,  clusters  of  short  diagonal  fibers  near  the  sides  .it 
Kdge  T pulled  out,  exposing  part  of  the  second  (45*)  ply.  Fifty  percent 
of  the  1 inch  wide  specimens  showed  this  same  mode  (A^^)  ot  lailure 
(Figure  2fA),  which  is  described  as  Pattern  50-2.  With  but  I'ue  except  ii'n, 
this  failure  pattern  was  only  found  on  the  nonscrim  surface.  The  otlu-r 
1 inch  wide  specinu’ns  failed  with  Pattern  50-1  and  I'Ver  907.  Modi'  b on 
the  nonscrim  surface.  These  had  strengths  below  the  average  for 
Schedule  50.  Numerous  scattered  spaces  of  pulled  out  boron  fibers  wei'i' 
observeil  on  all  the  Moile  B (0*')  surfaces. 

Most  joints  just  described  failed  i>r.  t !u  reverse  surtace  to  those 
just  described  with  a ragged  .and  mixed  modi'  down  to  the  first  O*^  plv 
(Figure  27B).  The  Modi'  D failure  had  extensive  shear  over  the  second 
exposed  45*  pIv,  and  Mode  B f.ailiire  w.is  about  b0%  I'l  the  ovi'i'l.ip  are.a. 

Ten  to  207  A.^/f  f.i  i 1 ure  w.as  often  clustered  near  Kdge  T on  this  reversed 
sii  r face . 

Of  the  two  T/4  inch  lap  jont.s  tii.it  were  s t ,i  I i c.a  1 1 v tailed  witlu'ut 
first  failing  the  1/2  inch  lap  side  (and  did  not  break  in  the  central 


.ulluToiiil  outside’  t ho  joint),  ono  t a i I od  as  Pattern  SO-?  on  the  nonserim 
side',  the  other  t'aileel  with  i OOZ  on  the  :;rrim  side.  Botli  reverse 
surtaces  wi-re  i’attern  '30-1,  with  70-807  Minle  [;. 

The  failure  patterns  on  the  i/'-t  ineh  lap  side  of  the  joints  that 
first  statically  failed  in  the  1/2  inch  lap  'were  observed.  All  showed 
first  failure  on  the  nonscrim  side  with  a sharp  hrealt  alontt  Kdpe  f in 
the  4 5^^  plies,  followed  by  interlaminar  shear  (Mode  B)  alonp  and 
987  of  the  overlap  area.  The  reverse  side  (scrim  side)  showed  a sharp 
break  in  the  first  (surface)  45*^  plv^with  207  of  the  record  45^^  ply 
remaining  as  bare  boron  filaments. 

The  failure  pattern  for  the  3/4  inch  joints  that  were  cycled  and 
st.'itically  tested  after  failure  in  the  1/2  inch  lap  of  the  coupon,  was 
identical  to  the  1/2  inch  lap  pattern.  These  joints  first  failed  on 
the  scrim  side,  contrary  to  the  patterns  of  the  Schedule  SO  static 
tests.  Thus,  the  reaction  of  the  0/90'^  scrim  to  cyclic  loading  has 
significantly  affected  the  joint  failure  mode. 

Kxcepting  the  3/4  inch  lap  joiiits  just  discusseil,  the  results  of 
these  tests  indicate  that  the  predominant  first  failure  was  on  the 
nonserim  side  and  by  Pattern  50-2.  'The  sharp  failure  along  P.dge  T 
may  be  due  to  both  high  peel  and  tension  in  this  ply  since  filaments 
were  seldom  shear<>d  out.  Had  the  ailhesive  bond  been  stronger,  those 
that  failed  as  Pattern  50-2  probably  won  Ui  have  continued  to  fracture 
through  the  two  surface  45*'  plies  and  ultimately  failed  as  Pattern  50-1 
with  sh(‘ar  along  the  first  0**  ply:  i.e.,  as  did  507.  of  the  1 inch  widi’ 
S[)ec  imens . 

43 


■;S3sS 


.J! 


In  roac-tiing  this  conclusion  on  t irst  faiUirc,  tlio  lol  lowing  wort- 
cons  itiorotl : 

(.)).  Tho  proilomin.int  t'niluro  on  the  hypothosizod  first  surf/uo  to 
tail  was  regular  and  orderly,  with  no  ovidonc’f  of  prying  or  high  pool. 

For  o.xaniplo,  tlio  fracture  along  Kdge  T was  i lean,  versus  the  ragged 
fracture  on  the  reverse  side. 

(b)  The  predominant  failure  pattern  on  the  hypothesized  side  for 
second  failure  was  mi.xed  and  ragged. 

(c)  The  second  side  to  fail  had  an  appearance  comp.irable  to  the 
assumed  side  for  second  failure  on  the  fatigued  specimens  of  this  test 
schedule.  Also,  the  clean  bre.ik  along  Kdge  T of  the  surface  4 ply 

was  characterist ic  of  the  first  surface  to  fail  on  the  fatigued  specimens. 
Fa_i_UitjL^_Mix[e  for L‘-'sy^/Si'hc(iule  50: 

The  predominant  fracture  on  the  scrim  side  for  reversed-load 
fatigue  was  P.attern  50-1,  with  80-90%  B failure.  No  evidence  of  reversed 
stress  resin  cracking  was  found  along  the  B fracture  plane.  The  Mode  D 
f.iilure  in  the  +4  5'  surface  plies  was  quite  sharp  through  the  plies,  and 
w.is  perpendicular  to  the  load  direction.  A shear  failure  initiated  in 
the  laminate  resin  between  the  first  o'^  boron  filament  and  the  scrim  for 
this  layer  (oriented  0/90  degrees).  This  failure  was,  therefore,  on  the 
scrim  side  i)f  the  central  adherend  under  the  outer  +45*  plies.  The 
t'onstrim  side  showed  a similar  failure  with  bare  boron  fil.iments,  but 
with  .1  le.sser  amount  (45-70%)  of  the  B failure.  Figure  27C  shows  a 
typical  failure.  No  evidence  of  peel  at  or  near  Kdge  F was  noted  from 
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miiriisiopic  ox-iin  i n.i  i ion  ot  oiLlior  t ho  traituri-d  nsin  t)ol  wi'i'ii  t ho 
horon  lil.imoiUs  or  on  t iio  oiitii  surtacos  ot  t lio  horon  filainoiUs.  Tho 
lattoi  woro  oxaniinod  t'roni  tho  tjacturo  rosidiio  on  tho  titanium  strap. 

Thoso  latip.iio  ti'sts  that  woro  <onducti  ■*  wi  t hout  rovirsod  loading, 
(constant  amplitudo  tonsion-tonsion  loading)  sliowixl  a similar  lailun 
to  the  basolino  and  rovorsod  lo.ul  ( t ens ion-rompross ion  ) constant 
amplitudo  tests.  However,  one  exception  was  th.it  h5/'  of  tho  tonsion- 
tension  tests  had  lirst  failure  on  the  nonsorim  sidi'.  In  this  ri-g.irl, 
they  behaved  more  like  the  st.it  ic  tests  for  this  schedule. 

Di.-^cussion  of  Schedule  5()  Results; 

(a)  The  revi-rsed-load  fatigue  tests  primarily  failed  with  extensive 
‘ .Mode  b damage  on  both  faying  surfaces.  This  comptiros  with  f.iilure  on 

tho  nonscrim  side  for  static  .and  tension-tension  f.at  ig,ue  tests  (Table  10), 
and  with  the  predominantly  ailhesive  failure  of  the  static  specimens. 

Thus,  it  is  hypothesized  that  the  fatigue  process  weakened  the  interface 
between  the  0*^'  boron  on  the  third  ply  of  the  si  rim  siile  and  its  0/90 
orii-ntod  scrim  l.iyer.  This  led  to  a shear  failure  which  (.lumped  all 
load  from  one  titanium  adherond  into  the  two  top  +4  5^'  plies.  These 
immi-d  lately  ruptured  in  tension.  The  secontl  suriaci'  to  tail  had  a 
greater  percentage  of  Mode  K than  the  static  tests  since  it  too  w.is 



wo.ikenod  in  the  f.it  igpio  process. 

(h)  Failure  being  primarily  on  the  scrim  side  ot  the  Sihedulc’  lO 
’ sper  imens  implies  that  scrim  oriented  .at  0/90  to  the  load  directii'n  is 

I.  more  d.imaging  in  reversi'd  laligue  th.an  scrim  oriented  .at  +A  s'  . This 
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i fiMsiiiU'il  I rom  (.1)  tlif  failure’  tint's  not  oct-ur  on  I ho  nonscrim  side 


whore  + '.  > Si  rim  mates  witli  t lie  first  0°  I i laments,  and  (1>)  ini  lure 
tliii  in't  tH'onr  on  the  scrim  side  hetweeii  tlie  O/hO  scrim  and  t lie  inner 
side  t't  tile  sectiiul  a 'i  ° |)  1 V . liowevet',  tile  tlifferenee  in  t lie  rate  of 
damage  propajtation  is  not  ^reat , as  evidenced  hv  the  relative  extents 
ot  shear  a I om;  the  two  0“  boron  planes. 

(o)  The  slightly  greater  static  strength  of  the  Schedule  50 
spet'imeiis  comparetl  to  the  Schedule  40  specimens  mav  be  indic.ative  of 
the  motlos  of  failure.  That  is,  in  the  Schedule  50  spetimens  the  load 
aliMig  the  outermost  0“  plane  has  lu'cn  reduced  by  shear  lag  through  t he 
two  surlace  [ilies.  This  explains  the  great  [iropensitv  for  failuri-  in 
mode  along,  the  t-xterior  of  the  central  /idherend  in  these  spi'cimons. 

(d)  Ihe  scrim  side  of  the  boron/epoxy  adherend  appears  to  be 
stronger  than  tlu'  nonscrim  sidi-  even  where  t lu'  failure  mode  is  adhesive, 
this  can  be  explaiiu-d  by  reasoning  th.it  on  the  scrim  side  the  0“  scrim 
I i laments  strengthen  the  45°  surface  piv  ovi-r  the  outer  piv  on  the 
nonscrim  side.  Ibis  latter  ply  fails  .along  I'.dge  T where  tensile  lo.ids 
• ire  gri'.itest  . This  loc.al  f.ailure  mav  hi'  gradii.il,  and  mav  simpiv 
transfi'r  shear  into  the  next  45°  (i  1 v (which  is  stiffened  bv  the  third 
(0°)  piv)  until  surf.ice  shetir  reaches  the  limit  of  the  .adhesive. 
Possibly,  till'  fr.acture  along  Kdge  T mav  be  sudden,  thereby  iri'.ating 
an  impulse  stress  th.at  exceeds  tlii'  .adhesive  limit. 


4() 


(c‘)  Ttif  f.iiliirt'  p.uti'rn  ol  llit'  const.inl  .tm[)  I i I luic , tens  iun-tcns  ion 
tests  m.iy  be  prodiireil  liy  .1  Rencr.il  1 .it  i p,iie  wo.ikon  i nt;  of  tlio  rosin  aloiiK 
the  0°  filamonts  of  the  tiiirci  ply  on  both  sides  of  the  reiitral  aiihereiul. 
(lomnrrent  1 y , fatiRiie  failiiri-  of  the  outer  4')'’  plies  niav  be  occurring. 
Ihus,  ultimate  lailure  may  often  first  initiate  in  t lie  surface  4 5^'  ply, 
as  in  the  staf'e  tests.  Were  a fatigue  mec han i.sm , comparable  to  the 
ramlom  f.itigue  tests,  the  primary  cause  of  damage  growth  (along  t he 
0*^'  ply),  one  should  suspect  a greater  amount  of  Mode  H failure  on  the 
scrim  side  than  was  actually  found. 

Discussion  of  Fatigue  FiHlj're  Modes/ Schedule  5^0^  vs_^  40: 

(a)  As  reported  herein.  Schedule  50  reversed-fat  igue  appears  to 
propagate  more  readily  on  the  scrim  side  between  the  first  ply  and 
its  0/90^^  oriented  scrim  layer.  The  Scheduie  40  fatigue  damage  also 
favors  the  scrim  side,  and  a similar  orientation  of  scrim  and  0^'  ply 
occurs  along  the  failure  planes  (see  the  section  blowups  in  Figure  19). 
However,  the  failure  of  the  Schedule  40  specimens  under  f.itigue  may 
ofli-n  occur  with  the  adfiesive  .as  the  weak  link  (i.e.,  the  0 boron 
interface  is  not  weakened  as  much  as  it  is  in  the  Schedule  50  tests). 
\lso,  the  Schedule  50  design  has  an  endurance  of  roughly  20'  of  the 
Schedule  40  layup.  If  one  hypothesizes  that  the  rolling  .action  of 
the  90”  scrim  threads  might  induce  early  fatigue  of  the  adjacent 
resin  on  the  first  ,)'  plies  in  Si’hedule  50  f.itigue  , then  the  same 
reasoning,  shoulcj  hold  for  Schedule  40  fatigue.  Here' .m  increase 
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in  tiu'  lU’finiU  of  Modo  H lomnaffd  to  ti'sts  was  olisorvod,  but 

a s i ^tn  i I i oaiU  mimluM'  of  s|HH'inu‘ns  also  appi-arod  to  initial  Iv  fail 
in  till'  ailliosivo  (Modo  (!).  A major  d i f f ort-nrc  botwoon  the  Scdiodulc’ 

'jf)  and  40  dfsigns  is  that  tho  SoIk'cIuIi'  40  tailuro  surfaco  and  its 
O/do"  scrim  is  cusli  it'nod  in  tIu'  low  modulus  .idhosivo.  It,  t horof  ore , 
might  bo  loss  damaged  by  the  scrim  raoventent  on  raiorostrain.  Thus, 
the  reduced  lamin.ite  damage  and  longer  endurance  would  allow  the 
fatigue  di'gradation  of  the  adhesive  to  becomi'  more  significant. 

(b)  The  fatigue  failure  for  both  Schedule  40  and  Schedule  50  occurs 
predominant  Iv  along  the  outer  surfai'e  of  the  first  0*^  boron  plies.  The 
endurance  of  the  Schedule  50  specimens  is  subs t ant  i .i  1 1 y less  than  that 
for  tile  Scliedule  40  specimens.  5’et  , the  shear  stress  .along  the  0* 
f.ailure  plv  in  Schedule  50  should  be  less  th.in  th.it  on  the  Si'hedule  40 
ply,  due  to  she.ar  lag  towards  the  i t.  ter  of  the  boron  epoxv  .ulherend. 
Possibly,  the  rationale  given  in  the  preceding  p.aragraph  (.a)  c.an 
explain  the  lower  endurance  of  the  Scheduli’  50  specimens.  That  is, 

.lit  hough  the  she.ar  stri'ss  is  slightlv  less,  the  more  brittle  nature  of 
tiu-  surrounding  l.amin.ate  resin  causes  greati-r  micro-stresses  along  the 
boron- to-sc r im  interface  in  the  Schedule  50  specimens. 


sr.u  ION  VIM 

coNci.rs IONS  a:;i)  kkcommfnda’i  ions 

1.  Higli  (iccurroiu't'  loads  having  m.agnitudos  noar  + 1 1'  about  t In- 
moan  cruiso  condition  have  a substantial  ofroct  on  the  cnduranci-  ot 
boron/epoxy- to- 1 i t an  i um  (H/Kp-'Ii)  bonded  joints  and  should  not 
arbitrarily  be  neglected  simplv  t<5  condense  test  t iniss  and  costs. 
Additii'nal  work  is  required  to  investigate  the  effects  on  cvelic 
life  of  tensile  and  compressive  loads  in  the  Ig  zone  about  the  mean. 

2.  The  omission  of  high  lo.ids,  occurring  less  than  once  per 
mission  increased  endurance  by  '500  percent  on  the  joints  with  +45 
degree  plies  on  the  faying  surfaces  of  the  composite  adberend.  The 
effects  of  high  load  truncation  on  joints  optimized  for  endurance 
(0  degree  surface  plies)  should  be  determined. 

J.  Bonded  double  lap  B/Ep-Ti  joints,  designed  with  +45  degree 
plies  on  the  faying  .surfaces  (where  zero  degrees  is  the  main  cvclic 
load  direction)  had  only  20  percent  of  the  endurance  of  joints 
designed  with  the  same  number  and  orientations  of  plies  but  with 
0 degree  plies  on  the  surfaces.  Both  joint  types  were  nearly  equal 
in  static  strength.  The  joints  with  0 degree  surfac-e  plies  could  be 
stressed  30/'  higher  and  still  achieve  comparable  lifetimes  to  the  +45 
degree-surface  joints  in  the  1 to  2 lifetime  range.  Also,  joints 
designed  with  .i  0 degree  ply  on  the  faying  surface  are  expected  to 
exceed  4 litetimes,  under  a f 1 i gh t -by-f 1 igh t test  spectrum  that 
truncates  negative  lo.ids  and  is  based  upon  m-itching,  'B'  alh'w.abU’ 
st.ilic  strengths  to  flight  limit  lo.ids.  Both  joint  types  experienced 
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.1  rt'durtion  in  ..  i riiigt  li  bitwfon  zt.ro  .uul  oiu-  I i fi't  init- . Dat.i  siunild  hi' 
■ ili'vo  loped  on  t lie  eh.ir.u  t o r i s ! i os  ol  Itu'Si  joints  lu'lwotn  0 and  one 

I litotime.  Also,  dosipn  inlormnti<in  based  upon  empirical  data  should 

be  aoquirid  prior  to  es t ib I i sh i ng  the  bond-surtaee  plies  tor  biaxial 
stress  conditions  and  tor  hv'orid  designs. 

4.  Till-  mode  oi  f.iilure  tor  bonded  B/Kp-Ti  joints  is  dependent 
on  the  location  of  tiie  scrim  laver  lor  each  ply.  This  layer  may 
augment  the  statii  strengtli  of  somt;  ilesigns,  but  tends  to  weaken 
high  endurance  designs  if  located  on  the  exterior  of  an  adherend. 

The  modes  of  t.iilure  and  relative  strengths  and  endurances  of  joints 
designed  with  0 degree  I'r  +45  ilegree  plies  on  the  faying  surfaces  are 
rel.ited  in  part  to  tlie  scrim  location.  When  pooling  static  or  fatigue 

I 

data  to  increase  the  general  populati»ni  for  statistical  s ign i f icance , 
the  mode  of  failure  should  be  considered  as  it  rel.ites  to  scrim 
location.  As  an  .irea  of  future  studv,  techniques  to  orient  the 
sirim  .at  +45  degrees  to  the  lioron  fibers  may  prove  advant.ageotis  to 
endur.ince  .and  could  potentially  be  accomp  1 i ^;hed  either  during  the 
m.anufacture  of  the  prepreg  or  when  adding  .a  b.al.ance  scrim  to  the 
composite  lamin.ite.  Also,  Laminate  designers  could  arrange  ply 
stacking  such  that  the  strim  di'es  not  appe.ar  on  the  exterior.  The 
effects  of  scrim  on  static  .and  f.atigue  strength  of  hvbrid  ci'mpositos 

i 

(boron,  gr.iphite,  glass/epoxv)  should  be  expiori'd.  A class  of  fivbrid 
I m.iti-ri.al  might  be  i.aiiored  bv  using  various  wimvos  .mil  orientation 

I of  glass  (or  Kevlar  and  gr.iphite)  as  the  s-crim  for  the  boron  preprog. 

. The.se  ojiild  be  optimized  tor  endur.anc<>. 

J ■ 
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5.  Rfversod  f.itigiu-  lo.-ulinn  tliat  incluili'd  hotli  pnsitivi'  .md 
loads  .iffocLed  both  tlio  modo  of  lailiiro  and  the  assiM  iatid 

ivclt’s  to  failure.  In  this  program,  a di’crease  of  over  50'  in 
constant  amplitude  enilurance  was  observed  when  ni'gative  loads  eqri.i  | 
to  207;  of  the  positive  loads  were  .applied  to  each  load  cycle. 

6.  A fully  random  load  sequence  reduced  endurance  hv  a f k ti'r 
of  three  for  the  bonded  composite  joints,  compart'd  to  a partially 
r.indom  spectrum  with  constant  amplitude  or  hlock-lo.ad  sequencing  of  t he 
low  amplitude  loads. 

7.  The  state  of  damage  to  a structural  member  at  a given  time 
under  fatigue  loading  is  generally  theorized  to  he  a function  of  an 
initial  damage  condition  and/or  damage  initiation.  As  noted  in  this 
program  and  in  an  associated  investigation  (Reference  'j)  for  B/F.p-Ti 
joints  designed  witli  0 degree  surf.ace  plies,  there  is  a signific.int 
probability  that  a 1/2  inch  lap  joint  mav  have  a greater  enduratice 
than  .1  comparable  3/4  inch  l.ip  joint  - both  tested  to  the  s.ame  load 
history.  This  effect  was  not  ohservi'd  in  this  progr.im  for  joints 
with  +43  degree  surface  plies  and  their  p.irticular  failure  modes. 

8.  The  estimation  of  life  for  the  bonded  B/Fp-Ti  joints,  using 
constant  amplitude  data  ami  a line.ar  d.im.ige  (e.g..  Miner's  Rule) 
summ.ition,  is  extremely  unconservative.  Fife  predictions  were  gri'.iter 
than  15  times  the  actual  endurance  found  from  tests  under  a flight-hv- 
f light  load  spectrum. 
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w.  Tho  .iviT.igc  st.il  ii  ^tr»Tigtli  of  t ho  3/4  ini.  li  la['  joint. s wa.s 
35  [HTii'iit  >;ri’.itiT  tli.m  that  for  tiu'  1/2  inch  joints  for  specimens 
<lesi>;ned  with  +4  5 ilegfi'e  siirl.ice  plies. 

10.  A joint  proof  load,  or  a load  near  the  limit  strength  of 
till'  joint,  that  is  conducti'd  prior  to  simulated  flight  loading,  may 
hc.ivilv  damage  the  ji'int.  It  will  tend  to  reduce  endurance  from  that 
experienced  with  the  same  load(s)  conducteil  after  a break-in  period 
for  the  bonded  joint.  I'hat  is,  the  numerous  low  'working-in'  loads 
of  flight-by-flight  lo.iding  tend  to  reduce  the  effect  of  a high  load 
londucted  later  on.  .An  initial  proof  test  to  74%  of  the  maximum 

lo.'id  in  the  proof  test  spectrum  of  this  pri^gram  load  caused  a reduction 
in  me.'in  endurance  to  ‘‘Or  of  that  experienced  with  no  proof  load.  However, 
the  effects  of  practical  proof  loading  for  joints  tested  ti'  long 
endur.ince  ni'ed  to  ln>  determined. 

11.  The  data  scatter  or  coefficient  of  variation  for  the  endurance 
of  the  composite  joints  was  roughly  three  times  greater  for  the  high 
enduranci'  joints  (0  degree  ply  at  the  bond  surface  interface)  that  were 
lo.'uied  to  fail  at  1 to  2 lifetimes  than  for  the  joints  with  +45  degree 
plies  at  the  faying  surfaces,  which  failed  in  the  same  endurance  span 

but  under  lower  cyi'lic  stresses. 

12.  Temperatures  achieved  tlirectly  at  the  cut  point  in  diamond 
wheel  machining  situations  on  bonded  titanium  joints  did  not  excin-d 
J60“F  and  were  gener.illy  b>  low  250°F  in  the  cut  zone.  I'hese  temperatures, 
relati'd  to  the  type  and  c|u.intitv  of  cooling  used,  are  considered  to  be 
representative  of  those  occurring  during  the  slicing  of  B/Kp-Ti  specimens 
from  slab-rure<l  pani-ls.  Although  these  l emper.i  t iires  should  not  have 
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gr.idifiits  prodiiiod  n.tv  im  ri'.iso  ilnin.igo  nt  t ht>  si>ecimen  edges.  I'roni 
strengtli  and  endiirante  data,  i-one  I ns  i ve  edge  effects  were  not  observed 
lu  tween  1/2  till  li  anil  I imh  wide  joints  in  ibis  program.  However, 
one  modi'  of  f.ailnre.  found  on  the  wider  joints  indicated  that  tiie 

stress  profiles  did  varv  across  the  specimen  width.  i 

13.  .Scanning  electron  microscopy  was  useful  in  determining  the 
stress  direction  in  the  laminating  resin  at  the  failure  planes  on 

the  shear-failed  0 degree  boron  ply.  Kvidence  of  cyclic  damage  growth 
was  not  observed  for  reversed- 1 oad  fatigue.  However,  a high  resolution 
study  at  tlie  boron-to-resin  interface  might  indicate  reversed  micro- 
damage and  the  growth  of  a damage  zone. 

14.  Age  effects  on  strength  and  endurance  were  not  observed  over 
tlie  three  years  in  which  joints  were  stored  in  an  air  conditioned 
office  environment  without  special  protection. 

15.  The  frequency  of  applying  random  loads  did  not  .s  ign  i f i cant  1 v 
affect  endurance,  comparing  tests  conducted  at  1/2  Hz  and  8 Hz. 

lb.  A comparable  program  to  this  study  should  be  conducted 
for  grapliite  and  other  composite  material  systems.  Temiiera t ures  and 
environment  should  be  added  factors  to  study. 

17.  Kfforts  to  rea 1 i St ica 1 1 v test  bonded  structures  under 
simulated  conditions  of  stress,  environment,  temperature,  and  t imi' 
must  be  based  upon  a thorough  understanding  of  lo.id  sitectrum,  proof 
test,  .and  time  compression  effects. 
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Loads  greater  than  +lg  above  tiie  Ig  cruise  numbered  104.97  per  mission. 

Loads  less  than  Ig  cruise  numbered  28  per  mission. 

Total  loads  used  in  tlie  Random  Spectrum  numbered  135  per  mission  (fiiglit  loads 
plus  one  S level  load  to  end  eacii  mission.  ^ 

Svmbols  are  defined  in  Section  I\\  units  for  Y and  AY  are  10  in  lb. 


STATIC  TEST  DATA 


NOV  74  42-48  1 6390 

42- 22  1 6550 

43- 22  1 6500 


TABLE  3 (Coni' J) 


ENDURANCE  - SCHEDULE  50  TESTS 
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One  data  point  (A. 26  lifetimes)  was  deleted  to  show  the  effe..t  on  mean 
endurance  of  this  extremely  long-life  specimen.  This  specimen  endurance 
exceeded  all  other  endurances  (30  data  points)  for  P-  5000  lb;  see  Table 


NOTES : 

1.  0°  Direction 


2.  Specimen  Width  - 1.0  and  0.5  inch 

3.  All  components  bonded  in  a single  operation 

4.  Material: 

Titanium  6A1-AV  annealed 

Boron/Epoxy  Schedule  40  (0/+45/0] 
Schedule  50  [+45/0 


2S  Narmco  5505,  4 mil  fibe 
Precured 


Tabs 

Adhesive 

Spacer 


2’2S 

Class  Epoxy,  45°  bevel 

Hysol  951,  nominal  cured  thickness  = .005  inch 
Aluminum,  .080  inch  thickness,  bonded  to  titanium 


Figure  1.  Specimen  Design 


finished  Specimen 
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Thermocouples 


Thermocouple  0.050"  From  Saw  Cut 


Figure  5 


. Saw-Cut  Bond  line  Temperatures 
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Figure  6.  Maneuver  Loads 
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Figure  11.  Load  Truncation-Schedule  50 
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Constant 


Figure  13.  Failure  and  Modes  Patterns 


View  C View  D 


Figure  15.  Typical  Failed  Areas  on  Titanium  Strap,  150X. 
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Figure  \6.  Typical  Failed  Area;,  on  Titanium  Strap,  ISX 


Typical  Failed  Appearance  of  Boron/Epoxy  under  Titanium 
Strap  Edge. 
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Figure  20.  Shear  Failure  of  Resin  Between  Boron  Filament 


Figure  21.  Saw  Toothed  Resin  Fracture-Angle  View. 


Figure  22.  Saw  Toothed  Resin  Fracture-Normal  View. 


Figure  23.  Failure  Patterns  for  Static  Tests-Schedule  40 


Nonscrim  Side  Nonscrim  Side 
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Figure  24.  Failure  Patterns  for  Fatigue-Schedule  40. 


25.  Fatigue  Failure,  3/4 


Side  for  First  Failure 


Side  for  Second  Failure 


Joint  Condition  Inmediately  Prior  to  Second  Side  Failure 


Figure  26.  Scenario  of  Double  Lap  Failure 
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